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Preface

Most everyday products and industrial structures are made by assembling several parts. This

is the case in the aeronautics, railway, and automotive industries, where polymer composites have

become increasingly popular as lightweight substitutes for metallic materials. The joining of polymer

composites may be achieved using different technologies. However, one of the most significant

drivers for using polymer composites, particularly thermoplastic composites, is the ability to join

components via fusion bonding/welding, an attractive alternative to conventional methods, e.g.,

mechanical fastening and adhesive bonding. Whatever the welding technology, e.g., resistance,

induction, ultrasonic, laser, or conduction welding, one of the challenges is to master the interfacial

phenomena, structure, and quality in the assembly area (welds), which is rather tricky due to the

presence of the reinforcement fibers. The same issues are also tackled for 3D-printed or additively

manufactured parts. Additionally, there is a need for reliable predictive process simulation software,

as well as in situ monitoring and control of welding process parameters. This Special Issue reprint

focuses on the latest advances and development of fusion bonding/welding of polymer composites.

It contains research articles addressing materials, processing, modeling, monitoring, or performance

issues with either experimental or numerical approaches.

Patricia Krawczak, André Chateau Akué Asséko, and Chung-Hae Park

Editors
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Abstract: The present paper addresses experimental and numerical investigations of a Large Scale
Additive Manufacturing (LSAM) process using polymers. By producing large components without
geometrical constraints quickly and economically, LSAM processes have the capability to revolution-
ize many industries. Accurate prediction and control of the thermal history is key for a successful
manufacturing process and for achieving high quality and good mechanical properties of the man-
ufactured part. During the LSAM process, the heat emitted by the nozzle leads to an increase in
the temperature of the previously deposited layer, which prepares the surface for better adhesion of
the new layer. It is therefore necessary to take into account this part of heat source in the transient
heat transfer equation to correctly and completely describe the process and predict the temperature
field of the manufactured part. The present study contributes to experimental investigations and
numerical analysis during the LSAM process. During the process, two types of measurements are
performed: firstly, the heat emitted by the nozzle is measured via a radiative heat sensor; secondly,
the temperature field is measured using an infrared camera while varying the process speed. At
the same time, a numerical simulation model is developed in order to validate the experimental
results. The temperature fields of the manufactured parts computed by numerical simulations are
in very good agreement with the temperature fields measured by infrared thermograph with the
contribution of the nozzle’s heat exchange.

Keywords: additive manufacturing; radiative transfer; large scale; IR measurement

1. Introduction

The industrial use of Additive Manufacturing (AM) is growing rapidly in many areas.
The technology’s applications range from medical to aerospace. AM allows the manufactur-
ing of parts with complex shapes, difficult to achieve by conventional processes. However,
especially for parts obtained by extrusion-based AM technologies such as Fused Deposition
Modeling (FDM), mechanical properties of the manufactured parts are oftentimes inferior
as compared to parts manufactured by conventional processes such as injection molding.
To improve the mechanical properties of parts manufactured by FDM, two approaches can
be used. The first one is to improve the intrinsic properties of the constitutive material of the
filament by adding reinforcements of different kinds in the thermoplastic [1–4]. The second
approach, especially when high mechanical properties are required, is the optimization of
process parameters [5–7].

Among the process parameters, the temperature of the extrusion nozzle, as well as
its speed of movement, and the temperature of the build plate should be adapted to the
mechanical and rheological properties [8]. These parameters directly impact the quality of
the manufactured part [9]. An increase of the environmental temperature or the addition

Materials 2022, 15, 1052. https://doi.org/10.3390/ma15031052 https://www.mdpi.com/journal/materials
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of a local material heating system in the FDM process can also have an influence on the
manufactured objects [10]. The nozzle temperature (TN) is one of the parameters having
the most effect on the quality and the resistance of the manufactured part [11], since the
viscosity of the extruded material depends directly on it [9]. Indeed, by increasing this
temperature during the AM process, several researchers [12,13] have observed a drop in
viscosity, which then induces transverse flows of the material after deposition, thereby
reducing roughness.

The surface quality is improved, as well as the strength of the bond between the
different layers obtained by better diffusion through the interfaces. The thermal phenom-
ena (conductive, convective and radiative exchanges) occurring during the process have
also been studied by several authors [14,15]. They directly influence the surface quality,
dimensional accuracy and mechanical properties of parts. These heat exchanges are among
those to be taken into account for modeling and simulating the FDM process [14].

In other cases, the addition of a local laser heat source near the nozzle during extrusion
deposition has also been studied by other researchers [16]. During manufacturing, the laser
was positioned to heat the strands of the lower substrate layer just before depositing new
material on top. The bond strength between layers was found to be increased by 50% and
the mode of inter-layer failure became more ductile, with a visible presence of a plastic
deformation zone [17].

During the AM process of large-scale parts, the nozzle also emits heat (radiation) on
the previously deposited layer which increases in temperature and improves adhesion with
the new layer. In one study [18], a desktop FDM machine was used to study the effect of
nozzle radiation on the fused filament fabrication process. A proposed 3D numerical model
provided information on how the nozzle radiation affects the temperature field of the manu-
factured part. The temperature fields of the parts computed by numerical simulations were
in very good agreement with the temperature fields measured by infrared thermograph.

Based on the mentioned studies, it is evident that temperature conditions influence
extrusion-based AM processes and the parts created by using said processes noticeably.
To improve process understanding, choice of process parameters as well as predictability
and reproducibility, with the goal of obtaining functional parts with high mechanical
properties, it is necessary to regard all temperature-related aspects of the AM process.
Therefore, this article combines experimental investigations with numerical simulations
for a better understanding and improved control of thermal phenomena during extrusion-
based AM processes.

2. Experimental Setup

The investigations were carried out using the hybrid manufacturing cell, developed
by the institute for plastics processing, Aachen, Germany. It was created to address the
major challenges additive manufacturing technologies have to face: production speed,
limited part size and limited choice of materials. To improve on state-of-the-art machines,
it consists of a screw-based extruder, used for plasticizing and extruding thermoplastic
pellets, which is mounted to a six-axis robot arm, providing flexibility in movement and a
large build volume. The machine is therefore capable of producing large components in a
short production time [19]. The extruder consists of a three-zone screw, mounted inside
a divided housing. The intake zone at the upper half of the extruder is water-cooled to
prevent premature melting of the material. The lower half is heated by three 100 W heating
cuffs which, together with the sheer forces applied by the screw, plasticize the thermoplastic
material. The screw is driven by a servo motor coupled to a planetary gearbox. Because of
the gear ratio of 320:1, sufficient torque can be applied. To shape the extruded plastic and
apply it, layer by layer, to the part being produced, it is pushed through a nozzle with a
defined bore. The nozzles used can either be conical or cylindrical in shape, depending on
the application.

For example, for processing fiber-filled materials, a cylindrical nozzle geometry would
be selected to prevent individual fibers from sticking out in build direction and therefore
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causing failed parts. On the other hand, if an unfilled material is being processed and the
thermal stress on the component should be limited, a conical shape would be advantageous.
In combination, the above-mentioned aspects allow for a high material throughput. It
is capable of processing thermoplastic pellets, which are less expensive as compared
to filament used in other machines. It therefore enables additive manufacturing using
standard plastics used in other processes. Furthermore, high levels of filling materials,
such as carbon fibers or glass fibers, are possible. Figure 1 shows the extruder and its
components.

Figure 1. Screw-based extruder for processing thermoplastic pellets in additive manufacturing.

By using the six-axis robot arm, the extruder is moved over the build plate, which is
1900 mm by 600 mm in size. It consists of a 10 mm thick, precision milled aluminum plate
which provides flatness across the whole surface. To allow good adhesion between part
and build plate, it is covered with a 0.2 mm thin sheet of polypropylene. The sheet is white
and semi-translucent. Optionally, the temperature of the joining zone can be influenced
locally by either heating or cooling. This enables better layer adhesion as well as better
dimensional accuracy of the manufactured component [10].

To measure heat radiation during manufacturing, boxes of 150 mm by 150 mm by
150 mm are produced using a nozzle with a 0.6 mm orifice. The wall thickness is set to
be 1 mm and the layer height is configured as 0.3 mm. To assist bed adhesion, a brim of
10 perimeters is used. The boxes are manufactured without infill, bottom or top layers. The
material used is the black polypropylene RA130E by manufacturer Borealis AG, Vienna,
Austria. The target temperature of the three heaters are, from top to bottom, 265 ◦C, 280 ◦C
and 335 ◦C. The in plane displacement velocity of the nozzle is set to 100 mm·s−1.

Before manufacturing the boxes, calibration of the extruder is needed. This calibration
step consist of measuring the emitted radiative heat flux of the extruder and nozzle, as
shown in Figure 2a. For the measurement of this radiative heat flux, a radiative sensor by
manufacturer Captec, Lille, France, is used. The effective sensor area is 100 mm by 100 mm
with a sensitivity of 300 mV/(W/c m2). The data are recorded directly on a computer.

During this step, the extruder is heated but not filled with material. Therefore, no
material is being extruded. The center of the sensor is located at the coordinate (0, 0, 0) and
edges of the square sensor are parallel to x and y axes of the machine. The nozzle follows
straight lines parallel to the x axis on 9 planes orthogonal to the z axis. In each plane,
the nozzle follows 5 equidistant lines. The third line (in the middle) follows the equation
y = 0. At the middle of this line, the nozzle is directly above the center of the sensor. The
aim of this measurement is to isolate and determine the proper radiative heat flux of the
extruder during the AM process. In this configuration, the measurements are not perturbed
by the heat source for the extruded thermoplastic part that is still in a high temperature
state at the beginning of the cooling process. In order to determine the influence of the
distance between the sensor and the extruder on the received radiative heat flux, a path

3
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of the extruder is designed. This path consist of several round-trips at several heights.
A numerical simulation of this step is presented in the numerical modeling section and
experimental and numerical data will be compared in the results section.

(a)

(b)

Figure 2. Experimental setup for determining the amount of thermal radiation during extrusion-
based AM processes: (a) radiative calibration of the extruder with nozzle over the IR sensor without
polymer extrusion, (b) infrared measurement from part and extruder during polymer extrusion

A complete monitoring of the AM process is proposed by using the radiative sensor
and an IR camera. It is a IR camera (Flir CEDIP JADE) having a spectral response of 3.6 μm–
5.1 μm, a sub windowing of 320 pixels × 256 pixels InSb focal plane array (FPA), a 50 mm
fixed focus lens and a manufacturer rated precision of ±1%. A computer is connected
to the camera for image grabbing and further data analysis with Altair software. This
experiment is used to show the effect of self heating of AM parts and the effect of the
extruder’s radiative heat flux on the temperature field evolution of the part during the
process. The box described previously is used in this experiment. The investigations are
focused on the temperature evolution of one of the four walls of the box (Figure 3). A
simultaneous data recording of the heat flux and the temperature field is done.

Figure 3. Radiative heat transfer measurement.
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3. Numerical Modeling

In order to explain and determine the radiative exchanges, observed and measured
during the experimental developments, between the manufactured part and the extruder
and between the manufactured part and the environment, a numerical model based on
view factors is developed as in [20]. With this model and the data of material properties,
nozzle geometry and temperature, a complete description of the LSAM process and the
computation of the manufactured part’s temperature history is investigated.

For computing the different exchanges, the extruder, the manufactured part and the
radiative sensor are discretized in planar surface elements. The surfaces of the extruder,
the part and the sensor are discretized in planar face element. By this discretization, it is
possible to add up the view factor of each element to the sensor (Equation (1)).

The real shape of the extruder (Figure 1) is very complex and, moreover, the emis-
sivities of the different parts of the extruder are heterogeneous. In order to simplify the
computation, the shape of the extruder is defined by a cylinder and a cone. The emissivity
and the temperature field are kept constant and homogeneous (Figure 4). Oe is the center
of the extruder element, Os is the center of the sensor element and O is the coordinate
system’s fixed center. In order to simulate the radiative heat transfer between the extruder
and the sensor as well as between the part and the sensor, two numerical strategies are
developed. The first case is corresponding to the determination of the radiative power
emitted by the nozzle by measuring the heat exchange between the extruder and the sensor
when the thermoplastic is not extruded. The geometrical configuration of the experiment,
i.e., relative positions of sensor and extruder, is given in Figure 4 [21]. In this configuration,
the nozzle path is defined as shown in Figure 5a. There is no obstacle between the extruder
and the sensor. The scalar product between the normal vectors

−→
N1 and

−→
N2 of the two

element has to be positive (Equation (2)).

dFd1−d2 =
cos(θ1) cos(θ2)

πS2 dA2 (1)

〈−→N1,
−→
N2〉 > 0 (2)

In the second case, the thermoplastic is extruded and a square box is manufactured as
shown in Figure 3. The geometry of the box is given in Figure 5b. The sensor is placed
in front of the manufactured part on the build platform. In the experimental setup, an IR
camera records the temperature of the wall that is in the front of the sensor. This wall will
have a radiative exchange with the sensor. The temperature of the wall can be in the range
from room temperature (fully cooled) to extrusion temperature (newly extruded polymer).
In this numerical development, the evolution of the wall’s height and temperature are taken
into account. The wall’s temperature field is extracted from the IR record an then used to
compute the radiative exchange between the box and the sensor. During the process, the
height of the manufactured walls increase. When the height reaches a certain value, some
parts of the extruder can be hidden and cannot be recorded by the sensor when the extruder
follows its path around the square section of the manufactured box. For the view factor
computation between two elements of the sensor and the extruder, the value is equal to
zero when the element of the extruder is hidden by the wall. In order to compute the view
factor value, the vector-based geometry is used. The view factor has to be computed for
each couple of elements from the extruder and the sensor. If ne is the number of elements
used to discretize the extruder and ns the number of elements used to discretize the sensor,
ne · ns view factor computations have to be done to compute the total radiative power
received by the sensor from the extruder at each time step. As shown on Figure 3, to know
if the intersection between the segment ([OeOs]), formed by the centers of the two elements
(extruder and sensor), and the plane of the wall is inside the rectangle formed by the vertex
(named A, B, C, D). In order to compute the intersection between the segment [OeOs] and
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the rectangle (ABCD), ABCD is divided in two triangles (ABC and CDA). The intersection
is computed for ABC (respectively CDA) as follows:

�V =
−−→
OeOs

‖−−→OeOs‖
; �R =

−−→
OOe

�X = [
−→
OB −−→

OA,
−→
OC −−→

OA,−�V]\(�R −−→
OA);

(3)

⎧⎨
⎩

u = X(1)
v = X(2)
t = X(3)

Test = (u > 0) & (v > 0) & (u + v > 1) & (t > 0)

(4)

The point of intersection between the segment and the plane is compared with the
two triangles. If the point is inside one of the two triangles, the view factor value between
the extruder and the sensor is equal to zero. The intersection between ABC respectively
CDA and the segment [OeOs] occurs when the value of Test is TRUE (Equation (4)).

In order to compare experimental data to numerical results, the computation of the
power (Pn→s Equation (5)) received by the sensor from the nozzle is done for discretized
locations on the nozzle path with a virtual displacement speed. The nozzle’s value of
emissivity εn and the part’s value of emissivity εw are taken equal to 0.95 [18].

Pn→s =
1
Ss

∫
Ss

∫
Sn

εnσ(T4
n − T4

s )dFdS

Pw→s =
1
Ss

∫
Ss

∫
Sw

εnσ(T4
w − T4

s )dFdS

σ ≈ 5.67 × 10−8 W · m−2 · K−4

(5)

The view factor computation depends only on the geometrical configuration in the
study of the effect of the extruder on the sensor, the extruder is assumed to have a time
independent temperature. This leads to a time independent emitted power. However, for
the case of manufacturing the cubic box, where the part’s temperature decreases during
the cooling process, the radiative power emitted by the box (Pw→s Equation (5)), that is a
function of the temperature and the view factor, is changing with time. Moreover, the size
of the part changes during the AM process (Figure 6b). In this case, the temperature field
(recorded by IR camera) is heterogeneous and time dependent (Figure 6a).

Figure 4. Geometrical configuration for the View factor computation.
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(a)

(b)

Figure 5. Numerical path of the extruder: (a) Path of the extruder over the sensor, (b) Path of the
extruder to manufacture the part.

(a)

(b)

Figure 6. Thermography of the manufactured box: (a) at 50% of the process, (b) at the end of the process.
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4. Results and Discussion

The results of the calibration step where the radiative power emitted by the extruder
is measured by the IR sensor is plotted in Figure 7. In this configuration, only the heaters
are switched on. There is no extrusion of polymer through the nozzle. In both results,
experimental and numerical, the effect of the relative position between the sensor and the
nozzle is visible. Each local maximum of the curves corresponds to a position of the nozzle
on (x = 0) (Figure 5a). The global measured power decreases with the height of the nozzle
(Z in Figure 5a). When the position is higher then 0.6 m, for a normalized time over 0.5, the
radiative power received by the sensor from the extruder starts to be negligible (Figure 7).
Normalized time describes the elapsed time since the start of the measurement divided
by total time of the measurement. The view factor is proportional to the inverse square
distance between the sensor and the extruder (Equation (1)). Therefore, for large parts,
the effect of the nozzle on the evolution of its temperature field only has to be taking into
account in a zone of interest that has a radius close to 0.6 m centered around the nozzle.
Over 0.6 m the radiative effect of the nozzle is negligible. The results given by the view
factor computation are in good agreement with the experimental results. In Figure 7, the
local minimum of the received (or calculated) power, when the nozzle is not directly above
the sensor, is minimal when the nozzle is in the plane at a height of 0.1 m (for a normalized
time less than 0.15). This height is the closest height tested in this first study. Between the
normalized time 0.15 and 0.6 the local minimum values of the received power increase.
After 0.6, those values decrease. In a first reflection it can be suggested that the local
minimum values decrease with the height of the nozzle. In fact, when the numerical results
are observed, for small distances between the sensor an the nozzle, there is a competition
between the product of the two cosines (the value of this product is equal to zero when
Z = 0), that is very small, and the square of the distance between the two elements nozzle
and sensor (Equation (1)). This effect vanishes when the distance between the sensor and
the nozzle has reached a certain value (here 0.8 m), and the values of the angles θ1 and θ2
are more stable and the growth of the term S2 mainly influences the variation of the view
factor value. For the following experiment, this observation is important to understand.
It also shows that it is important to correctly compute the radiative emissions regarding
the geometrical model used to describe the extruder and then correctly simulate the AM
process [11].

Figure 7. Comparison of experimental and numerical results for the nozzle calibration with the
extruder without extrusion of polymer.

Thermographic images where recorded as a video sequence with the infrared cam-
era [22]. The temperature field recording of the manufactured part’s front face is done with
an OPTRIS IR camera (Figure 6). This camera has a fixed focus lens. A post-treatment
of the data is needed to create a continuous crop of the images in order to focus only on
the already manufactured part and remove the nozzle and the background. In Figure 6a,
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the process is at 50 % of the total manufacturing time. In Figure 6b, the thermography is
taken at the end of the manufacturing process. These new data are synchronized with the
nozzle position and the corresponding view factor computation between the nozzle and
the IR sensor. In Figure 6a, the highest wall temperature is recorded at the same level of the
extruder temperature [23]. This is the process temperature Tp. The lowest temperature is
recorded on the build plate [24]. In Figure 6, the reflection of the radiative emission from the
manufactured part can be seen on the build plate. The wall temperature is homogeneous in
each horizontal plane. It continuously increases from the build plate to the last deposited
layer. The temperature values range from room temperature to the temperature of the
extruded polymer. Additionally, the manufactured part is submitted to heat exchanges by
convection on every side and by conduction with the build plate.

While manufacturing the box, a brim of ten perimeters is deposited in the first layer,
ensuring good adhesion between part build surface during the process (Figure 5b). During
this step, the nozzle is close to the build plate and gets closer to the sensor over time (up
to 0.05 in normalized time). In Figure 8a, as is not firstly expected, the power received
by the sensor decrease while the minimum distance between the sensor and the extruder
decrease. This effect is also visible in the numerical results (Figure 8b). This phenomenon
is explained previously and it is related to the expression of the view factor (1) and the
product of the cosines. In a second time, the value of the power measured by the sensor
increase with the height of the manufactured box. The power value reaches its maximum
around 0.3 (normalized time) and then decreases till the end of the process. It can be seen
that the measured power has a minimum value when the extruder is manufacturing the
wall placed at the opposite of the sensor.

(a)

(b)
Figure 8. Radiative heat power on the sensor: (a) experimental results, (b) numerical results.

In order to explain the different phases of the power evolution, the part due to the
nozzle and the part due to the wall of the box are uncoupled and plotted on the Figure 9.
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In the first phase, the power is only received from the nozzle. There is only the bottom
of the box bonded to the substrate. In the second phase, both of the power received from
the nozzle and from the wall are increasing. In the third phase, the power due to the wall
still increase to an asymptotic value and the power due to the nozzle decreases. In this
phase, when the nozzle is at the opposite of the sensor, the minimum of the power due to
the nozzle reaches zero. The height of the box reaches a point where it hides the nozzle
from the sensor. The two components of the power, nozzle and wall, have to be simulated
to understand the experimental results. The power received from the wall has a monotonic
variation contrary to the one received from the nozzle that has an alternative variation [25].

Figure 9. Detailed results for radiative heat power simulation.

5. Conclusions

In this study, developments have been done in numerical and experimental investiga-
tions on thermal exchange between the extruder and the printed part during large scale 3D
printing. Several new features are presented:

• A numerical model coupled with experimental data was developed for the LSAM
polymer process.

• Highlighting of radiative thermal exchanges that should be used for the simulation
and optimization of extrusion-based AM processes.

• Confirmation of the importance of the infrared radiation emitted by the nozzle. This
radiative energy can help to weld deposited strands on previously manufactured
strands by increasing the interface temperature.

• By the numerical results, the radiative power emitted by the wall of the manufactured
box is also highlighted.

As shown by the results given in this study, the self-heating during the production
process of a part with a hollow shape should be taken into account for numerical simulation
of the AM process. It is also shown that the radiative power emitted by the wall is not
negligible. In future works, it should be necessary to add all this radiative thermal exchange
in a numerical simulation of the material flow during the process in order to correctly
compute the bonding between two adjacent strands.
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Abstract: In the present work, an ultrasonic, an induction, and a through transmission laser welding
were compared to join carbon fibre reinforced polyetheretherketone (CF/PEEK) composites. The
advantages and drawbacks of each process are discussed, as well as the material properties required
to fit each process. CF/PEEK plates were consolidated at 395 ◦C with an unidirectional sequence and
cross-stacking ply orientation. In some configurations, a polyetherimide (PEI) layer or substrate was
used. The thermal, mechanical, and optical properties of the materials were measured to highlight the
specific properties required for each process. The drying conditions were defined as 150 ◦C during at
least 8 h for PEI and 24 h for CF/PEEK to avoid defects due to water. The optical transmission factor
of PEI is above 40% which makes it suitable for through transmission laser welding. The thermal
conductivity of CF/PEEK is at most 55 W·(m·K)−1, which allows it to weld by induction without
a metallic susceptor. Ultrasonic welding is the most versatile process as it does not necessitate any
specific properties. Then, the mechanical resistance of the welds was measured by single lap shear.
For CF/PEEK on CF/PEEK, the maximum lap shear strength (LSS) of 28.6 MPa was reached for
a joint obtained by ultrasonic welding, while an induction one brought 17.6 MPa. The maximum
LSS of 15.2 MPa was obtained for PEI on CF/PEEK assemblies by laser welding. Finally, interfacial
resistances were correlated to the fracture modes through observations of the fractured surfaces.
CF/PEEK on CF/PEEK joints resulted in mixed cohesive/adhesive failure at the interface and within
the inner layers of both substrates. This study presents a guideline to select the suitable welding
process when assembling composites for the aerospace industry.

Keywords: thermoplastics; composites; laser welding; induction welding; ultrasonic welding

1. Introduction

Polymer welding is a process of assembling surfaces of thermoplastic-based materials,
generally with heat and under pressure [1–3]. Only thermoplastics of the same nature or
miscible with each other can be assembled by welding. Welding is a relevant assembling
process to contribute to the reduction of the environmental impact of the lightening of
structures. Besides, as polymer welding is fast, safe, and cheap, spreading such a process in
the industry will contribute to the competitiveness of companies. Welding thermoplastics is
quite well mastered, whereas more research is required to target welding of short and long-
fibre thermoplastic composites. Moreover, some issues remain to make the shift toward
welding complex shapes and large structures of thermoplastic polymers and composites.

A choice of a process is affected by materials to be joined, a joint configuration,
a required mechanical strength, a level of seal, process costs and speed, and production
volumes. However, the creation of a good quality weld does not only depend on the
welding process but also on the weldability of the materials to be joined [4]. Therefore, the
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evaluation of their weldability is of high importance in the whole welding operation for
a successful assembly of polymer materials.

Compared to thermosets, thermoplastics can be recycled and do not require refriger-
ated storage, offering almost an infinite shelf life. Most of the thermoplastic composites
used in marine, aerospace, and automotive lightweight structures are made of carbon
fibre reinforced polymers (CFRP) composites, which give way to glass fibre reinforced
polymers (GFRP) for some applications. Carbon fibres give better properties than glass
fibres because of their higher stiffness and strength. Sometimes, the carbon fibres used
are high modulus (HM) for the highest performance required in some applications. The
glass or carbon fibres associated with a matrix of whether polyphenylene sulfide (PPS),
polyetherimide (PEI) or polyaryletherketone (PAEK), mostly polyetheretherketone (PEEK)
and polyetherketoneketone (PEKK) [3,5]. These high-performance polymers display high
damage tolerance to finished parts, as well as chemical resistance, and, thus, are stable in
severe hot or wet conditions. Thermoplastic composites can be re-melted with promising
benefits in repairing and end-of-life re-using. Thermoplastics are a response to the growing
demand for new materials that can be used in aircraft structures with a reduced total
weight while maintaining high mechanical properties. In addition, despite the high price
of thermoplastics such as polyetherketone (PEK), PEEK, and PPS, the total cost of part
manufacturing is lowered as a result of a significant reduction in production times.

Moreover, thermoplastic composites offer the ability to save weight and improve
the sustainability of airplanes and spacecrafts by joining components via fusion bonding.
Welding is an attractive alternative to conventional methods, such as mechanical fastening
and adhesive bonding to join composite parts. However, since composites gain their
outstanding properties from the fibres, the weld is inevitably the weakest point in the
system as the weld is a zone free of fibres.

The welding processes are mainly focused on a couple of advanced materials, such
as carbon fibre reinforced polyetheretherketone. Also, glass and carbon fibre reinforced
polyetherimide (GF/PEI and CF/PEI) have been investigated. CF/PEEK is in most cases
the APC-2, a semi-product manufactured by Imperial Chemical Industries (UK), while
PEI-based materials are known as Cetex, supplied by Ten Cate Advanced Composites (The
Netherlands). Some studies were also attracted to polyphenylene sulphide or polypropy-
lene (CF/PPS or GF/PP and CF/PP) [6].

Many welding techniques have been proposed, developed, and evaluated for thermoplas-
tic applications. Based on the mechanism of heat generation at the welding interface, welding
methods for thermoplastics can be classified as external (thermal heat source) and internal
(mechanical movement or electromagnetism) heating methods. They differ in the way heat is
generated at the interface, such as frictional heating (e.g., ultrasonic welding [7–10]), electromag-
netic heating (e.g., induction welding [11]), and thermal techniques (e.g., laser welding [12–17]).
The selection of the welding method depends mainly on the thermal and electrical properties of
the material and the shapes of the elements to be joined [18]. Ultrasonic, induction, and laser
welding are the most used processes to assemble such thermoplastic composites.

Whatever the process, the physical mechanisms during welding of thermoplastics
are accomplished in three sequential stages: a surface preparation, an application of heat,
and a weld creation on cooling. Upon pressure, the surfaces come into close contact
which initiates a macromolecular diffusion and an entanglement across the joint. Only
thermoplastics and thermoplastic-matrix composites can be welded [19]. Compared to
thermosets, their chains are free to move up to long distances when intermolecular weak
bonds are broken. All the welding processes are governed by the same parameters: heat,
pressure, and time [20]. To achieve high-quality welds, a careful optimization of the welding
parameters is required for each application.

In ultrasonic welding, a sonotrode coupled to a transducer that produces high fre-
quency (20–40 kHz) vibration causes frictional heat and melting at the interface of two parts.
A polymeric film is required at the interface as an energy director. Among the results
published until now, studies on high-performance thermoplastic composites include
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CF/PEI [21,22], CF/PPS [23–25], and CF/PEEK [10]. The strength of joints in ultrasonic
welding has been modeled and reported by Benatar and Gutowski [26] for PEEK/AS4
graphite APC-2 composites. The strength of the welded parts obtained was estimated
as 74 MPa. The effect of welding time was investigated by Tao et al. [10] for CF/PEEK
with a flat PEEK film as an energy director. It was reported that with a gradual increase
in welding time, the weld strength also increased up to an optimum time of 0.9 s, the
maximum LSS obtained was 28 MPa. Longer welding time leads to overheating and local
degradation [10]. Recently, CF/PEEK assembled by an ultrasonic welding reached a maxi-
mum LSS at 49 MPa [27]. The same authors provided thermal profiles during welding from
microthermocouples located close to a welded interface. The evolution of the interfacial
temperature during welding was correlated to welding parameters to prevent overheating.
Moreover, a continuous ultrasonic welding has been currently under development [7,28,29].

In induction welding, an electromagnetic coil produces alternating electromagnetic
fields which induce Eddy currents in conductive laminate. Eddy currents produce heat
through carbon fibres or a metallic susceptor which melts the thermoplastic. The perpen-
dicular 0◦ and 90◦ fibre orientation in the woven fabric are ideal, enabling Eddy currents to
be generated in each ply of the laminate. With unidirectional laminated stacks, however, it
is common to have 45◦ plies interspersed so that the angle difference is smaller. Williams
et al. [30] by using a woven fabric susceptor made from co-spun fibre yarn comprising
blended staple carbon and PEEK fibres welded APC-2 laminates. An LSS of 46 MPa was
obtained. However, induction welding without a susceptor required the electrical and
thermal conductivity of the materials to fit the process. The main consideration for design
was how to control and concentrate the magnetic field onto the workpiece. Using no sus-
ceptor, Cogswell et al. [31] were able to obtain an LSS of 31 MPa for APC-2 laminates joined.
Border and Salas [32] investigated induction welding on PEEK without metal susceptors.
An LSS of 48.2 MPa was obtained. Reis et al. [3] review presented that the effectiveness
of induction welding in several thermoplastic composites was evaluated with lap shear
strength values ranging between 14 MPa and 43 MPa.

During the transmission-through laser welding process, laser radiation passes through
an upper laser transparent part, for instance, unreinforced amorphous PEEK and it gener-
ates heat in a lower laser absorbent part which contains optionally carbon fibre or conduc-
tive additive. Amanat et al. [33] welded PEEK films using a pulsed fibre laser (1060 nm)
and a maximum power of 20 W. According to their results, the two lowest scan speeds,
4 mm·s−1 and 8 mm·s−1, showed the most significant bond strengths of around 22 MPa
to 25 MPa for semi-crystalline and 12 MPa to 19 MPa for amorphous PEEK. Since carbon
fibres are laser absorbent, CF/PEEK is suitable as a lower part only. The reliable application
of laser welding technology for joining primary aeronautic parts made of thermoplastic
composites still requires significant development and investigation [15]. Torrisi et al. [34]
used 3-ns Nd: Yag laser (532 nm) system with various fillers for ultra-high molecular
weight polyethylene composites. They found that the best polymer coupling was with
carbon nanotubes which showed a good adhesion value with 10 MPa shear rupture at
an irradiation time of 2 min.

Ultrasonic, induction, and laser welding processes are already widespread for as-
sembling pure thermoplastics. However, welding fibre-reinforced composites bring new
issues to be tackled compared to pure thermoplastics. Indeed, the fibres modify the prop-
erties of the materials, mainly optical, thermal conductivity, and rheological properties.
As a consequence, all the process parameters need an overhaul to reach repetitive and
reliable welds.

The purpose of this study is to compare three welding processes for assembling high-
performance thermoplastic composites for spacecraft applications. Whereas each existing
study focuses on one process/material couple, the originality of the hereby article is to
compare three welding techniques to join the same materials. Ultrasonic welding (UW),
induction welding (IW), and transmission laser welding (TLW) are applied to assemble
CF/PEEK thermoplastic composites and PEI on CF/PEEK. The materials are characterized
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to measure their water intake, thermal transitions, thermal stability, thermal conductivity,
thermomechanical properties, and optical properties. Then, the mechanical resistance of
welds is measured by single lap shear tests. Finally, the main strengths and flaws of each
process are highlighted as well as the material requirements for successful welding of
CF/PEEK composites.

2. Materials and Methods

2.1. Materials and Samples Preparation

The materials used in this study are:

• Thermoplastic composite prepregs carbon fibre HM63/PEEK developed by Suprem
(Yverdon-les-Bains, Switzerland) and supplied by Centre National d’Etudes Spatiales
(CNES, Toulouse, France) as 140 μm thick tapes. The latter, named CF/PEEK in the
following, was made of PEEK 150G from Victrex as a matrix and unsized carbon fibre
HM63 from Hexcel. HexTow HM63 carbon fibre is a continuous, high strength of
4.5 GPa and high modulus of 452 GPa, with a density of 1.83 g·cm−3, polyacrylonitrile-
based carbon fibre.

• PEEK 450 G from Victrex (Lancashire, UK) in granules for DMTA and TGA only.
• PEI Ultem 1000 from Sabic (Rijad, Saudi Arabia) in granules.
• PEI Ultem 1000 as 250 μm thick film was purchased from GoodFellow (Lille, France).

CF/PEEK, pure PEEK, and PEI were processed by compression moulding. A hydraulic
press LAB 800P PEI from Pinette Emidecau Industries (Chalon-sur-Saône, France) was
used for preparing 1, 2, and 4 mm thick plates. The materials were dried in a vacuum
oven at 150 ◦C for at least 3 h before processing. The plates of CF/PEEK 1 mm with
a unidirectional sequence of the tapes [0◦7] (Figure 1a) and plates with cross stacking
[45◦,−45◦,0◦3,−45◦,45◦] (Figure 1b) were consolidated at 395 ◦C and 2 MPa for 30 min, the
heating, and cooling rates were 4 ◦C·min−1. The unidirectional sequence was expected
to dissipate heat faster and more efficiently. This configuration is the worse for fusion
bonding because most of the generated heat is dissipated on each side of the specimen.
Higher temperatures must be attained to melt the interface to be welded. The cross-stacking
sequence is close to industrial cases and it was adapted to fit the induction welding process
by adding a 45◦ layer on the upper surface of the specimens. PEEK pellets were kept in
a cavity of 2 mm thickness between two steel foils, and the temperature was increased
at a speed of 10 ◦C·min−1 up to 360 ◦C. A pressure of 10 MPa was applied at 360 ◦C for
5 min. Then, still under pressure, the moulded samples were cooled down to 200 ◦C at
the speed of 4 ◦C·min−1 before demoulding. PEI plates with a nominal thickness of 1, 2,
and 4 mm were produced from granules at 290 ◦C and 10 MPa for 5 min, and heating and
cooling rates were 10 ◦C·min−1. The plates with dimensions of 100 × 50 mm2 (1 mm thick),
150 × 75 mm2 (2 mm thick), and 110 × 75 mm2 (4 mm thick) were cut into samples of
100 mm long and 25 mm wide.
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(a) (b) 

Figure 1. Sequence of the CF/PEEK films (a) unidirectional and (b) cross stacking.

2.2. Characterization of Materials

During welding, between the two elements to be joined, diffusion and interface
crossing of macromolecules take place. The physical phenomena of macromolecular
diffusion, healing, and crystallization at the interface are well described in Martineau’s
work [35] for PEEK.

After cooling, a permanent cohesive joint is formed. The appropriate mobility of the
diffusing chains is reached when the temperature is above the melting temperature for
semi-crystalline polymers or well above glass transition for amorphous polymers. Also, the
materials to be joined should have a similar softening or melting point, must be miscible,
or must have a similar chemical structure [36]. Moreover, thermoplastics are sensitive to
thermo-oxidative degradation. During welding, overheating can occur and it weakens the
interfacial strength [37].

To understand the interactions of the welding parameters with the specimens, careful
consideration of the material properties is beneficial. Main properties were identified as
playing a role in the welding result and divided into two groups:

(1) roughness and surface chemistry,
(2) rheological, optical, and thermal properties.

For the sake of brevity, only the second group is presented in this article. Moreover,
the presence of water within the specimens has been proved to be detrimental to the
joint integrity and mechanical resistance of welds [38]. For this reason, careful drying is
necessary before assembling the specimens. Also, the water content could influence further
material characteristics.

2.2.1. Drying of Specimens

PEEK and PEI are sensitive to water because they contain chemical groups such as
ketones, ethers, and hydroxyls which create weak bonds with H2O. So, a thorough study
of the kinetics of sorption and drying was carried out to determine an appropriate drying
procedure. Our approach consists of three steps:

(1) drying at 150 ◦C for at least 3 h,
(2) immersion of the specimens in a beaker containing deionized water at 25 ◦C. A ther-

mocouple IKA ETS-D5 from KA-WERK (Brachbach, Germany) was placed inside the
beaker and the latter was maintained on a hotplate stirrers IKA C-MAG HS7 from
KA-WERK (Brachbach, Germany) to keep a constant temperature throughout the
experiment,

(3) the specimens were placed in an oven Memmert UNB 200 (Schwabach, Germany) at
150 ◦C. Mass readings with a Mettler Toledo scale (Viroflay, France) during sorption
and drying were taken over a short time interval at first every hour, then twice a day.
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Besides the evolution of weight with time, the presence of water inside the materials
was checked by Fourier Transform Infrared Spectrometry. Spectra were recorded using
an FTIR spectrometer Spectrum One by Perkin Elmer (Waltham, MA, USA) in attenuated
total reflectance (ATR) mode in the 4000–650 cm−1 range. The resolution was 4 cm−1, and
16 scans were accumulated for an improved signal-to-noise ratio.

2.2.2. Dynamic Mechanical Analysis

Thermomechanical properties were measured by dynamic mechanical thermal analy-
sis (DMTA) using ARES LN2 rheometer from TA Instruments (New Castle, DE, USA) in
torsion mode. Parallelepipedic specimens of 45 × 10 × 2 mm3 were cut out from moulded
plates. Temperature ramps from 25 ◦C to 325 ◦C at a heating rate of 3 ◦C·min−1 were ap-
plied at a frequency of 1 Hz and strain of 0.1% within the linear viscoelastic (LVE) domain
of both PEEK and PEI. Previously, strain sweeps were carried out to define the LVE domain.

2.2.3. Optical Properties

Optical properties are very important for transmission laser welding. Transmission
factors of PEEK and PEI were measured with a VERTEX 70 spectrophotometer from Bruker
(Billerica, MA, USA) in the spectral range between 400 nm and 20.000 nm. The transmission
mode with an integrating sphere and an incident angle of 0◦ between the beam and the
normal to the sample was applied. The tests were carried out at room temperature with the
integrating sphere. The evolution of the transmittance as a function of temperature was
measured between 20 ◦C and 140 ◦C with an increment of 20 ◦C.

2.2.4. Thermal Properties

Only thermoplastics whose processing temperatures are in the same range can be
welded together. Both parts must be melted to allow the diffusion of macromolecules
through the interface. Thermal transitions of PEEK and PEI were measured by differential
scanning calorimetry with a DSC 1 Star System from Mettler Toledo (Viroflay, France).
The measurements were performed under a nitrogen flow of 50 mL·min−1, and a mass
of approximately 10 mg was placed in sealed aluminium pans Mettler Toledo (Viroflay,
France). The DSC scan comprised two steps:

(1) an ascending temperature sweep of 10 ◦C·min−1, from 25 ◦C to 400 ◦C,
(2) a descending temperature sweep of 10 ◦C·min−1, from 400 ◦C to 25 ◦C.

Glass transition temperature (Tg), crystallization temperature (Tx), and melting tem-
perature (Tm) were obtained.

Then, the behavior of materials under high-temperature conditions was evaluated
through a TGA 2 Mettler Toledo device (Viroflay, France). The degradation temperature (Td)
was obtained using platinum crucibles Mettler Toledo (Viroflay, France) under an oxygen
atmosphere at 50 mL·min−1, sample mass of 10–15 mg, and the heating rate at 5 ◦C·min−1

in the range from 25 ◦C to 800 ◦C.
Thermal conductivity and specific heat were measured by using Hot Disk TPS 2500 S

analyzer (Göteborg, Sweden). The hot disk probe was placed between two 5 mm thick
samples of the material to be characterized. Surfaces of the samples in contact with the
probe are flat. The principle is to pass an electric current through the probe to generate
a temperature increase of one to several degrees and to record the increase in resistance
(temperature) over time. The temperature of the measurement was 23 ◦C.

2.2.5. Degree of Crystallinity

The mass fraction of the crystalline phase was calculated from the melting enthalpy
measured by DSC and the theoretical melting enthalpy of 100% crystalline phase with the
following formula:

X =
ΔHm

ωPEEK
· 1

ΔHth
·100 [%] (1)
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where X is the degree of crystallinity [%], ΔHm is the melting enthalpy [J·g−1], ωPEEK is
the mass fraction of PEEK of the composite and ΔHth is the theoretical melting enthalpy of
100% crystalline phase of PEEK which is 130 J·g−1 [39].

2.3. Welding Processes
2.3.1. Ultrasonic Welding

One-mm thick unidirectional plates of CF/PEEK and 1mm thick PEI plates were used.
Single-lap welded joints with the two different types of welding stacks sketched in Figure 2 were
considered in this study. The first configuration was a direct weld between PEI and CF/PEEK.
The second configuration consisted of two CF/PEEK plates with a PEI film as an energy director.
It was a 250 μm thick flat energy director, which was placed at the welding interface before the
welding process. It concentrated heat generation at the welding interface through combined
surface friction, i.e., friction between the energy director and composite plates moving relative
to each other, and viscoelastic friction, i.e., friction among adjacent polymer molecules in the
energy director when subjected to cyclic deformation. This process provided welded joints
over an entire overlapped surface. The specimens were welded in a single lap configuration
(according to ASTM D1002) with a 10 mm long overlap.

(a) (b) 

Figure 2. Single-lap welded joints for USW (a) welding of PEI on CF/PEEK and (b) welding of
CF/PEEK on CF/PEEK with 250 μm thick PEI as energy director (yellow bars are for PEI, grey bars
for CF/PEEK).

Electrical Motion 20 ultrasonic welder from Rinco Ultrasonics (Romanshorn, Switzer-
land) was used for the experiments. An ultrasonic welding equipment was used to transmit
mechanical vibration at a high frequency to the joint interface along with a static com-
pressive force. The working frequency is 20 kHz and the maximum load of 3000 N.
Amplifications provided by the booster and the titanium sonotrode were, respectively,
2 and 4. A clamping tool was designed to provide vertical movement without parasite
bending to ensure pure friction during the welding test. Three welding parameters were
considered in this study: the welding load of 500 N, the vibration amplitude of 32 μm,
and the welding time of 1000 ms. The welding time is associated with the time when the
ultrasound is operating. The welding load continued to be applied during the selected
2500 ms cooling phase.

2.3.2. Induction Welding

1 mm thick plates with cross stacking of CF/PEEK and 1 mm thick PEI plates were
used. Single-lap welded joints with the two different types of welding stacks sketched in
Figure 3 were considered in this study.

(a) (b) 

Figure 3. Single-lap welded joints for IW (a) welding of PEI on CF/PEEK and (b) welding of
CF/PEEK on CF/PEEK (yellow bar is PEI, grey bars for CF/PEEK).

19



Materials 2022, 15, 6365

In the case of PEI on CF/PEEK welds, the inductor was placed 3 mm above the area to
be welded. A power of 55–70% and movement of the tool along the weld line at a speed of
2 mm·s−1 were used. During the welding of two CF/PEEK plates, the inductor was placed
2 mm above the surface of the welded area. The assembly cycle consisted of gradually
increasing the power of the inductor to reach Tm + 20 ◦C at the start of the weld zone. For
this purpose, a power of 80% and movement of the tool along the weld line at a speed of
3 mm·s−1 were used.

The welding tool consists of a CEIA 17 kW head (Paris, France) fitted with a 30 mm
diameter pancake type inductor located at 2 mm or 3 mm. The inductor was preceded and
followed by compaction rollers mounted on pneumatic cylinders. Two orientable Vortex
fans (Terrebonne, QC, Canada) allow surface cooling of the weld area or its perimeter.
The welding tool is mounted on an ABB IRB6620 6-axis robot (Zurich, Switzerland). The
specimens were positioned on top of each other with a 20 mm long overlap and held
together with Kapton adhesive. The orientation of the folds at the weld was the same. N-
type thermocouples were placed at the start and end of the weld to monitor the temperature
of the interface. An induction welding was conducted without a susceptor at the interface,
with carbon fibres replacing a metallic insert. An induction welding without a susceptor
requires 45◦ lay-ups on the surface and depends on the electrical and thermal conductivity
of the carbon fibre specimens. Induction welding was performed at IRT Saint Exupéry,
Toulouse, France.

2.3.3. Transmission Laser Welding

Unidirectional plates of CF/PEEK 1 mm thick, PEI 1, 2, and 4 mm thick plates were
used. Single-lap welded joints are sketched in Figure 4. The specimens were positioned on
top of each other with a 20 mm long overlap and were held in position employing a pressure
of 3.8 MPa applied through a glass plate to the overlap zone. Through transmission laser
welding depends on the optical properties of the upper material.

(a) (b) (c) 

Figure 4. Single-lap welded joints for LW (a) welding of PEI 1 mm thick on CF/PEEK, (b) welding of
PEI 2 mm thick on CF/PEEK and (c) welding of PEI 4 mm thick on CF/PEEK (yellow bars are PEI,
grey bars for CF/PEEK).

PEI on CF/PEEK assemblies was made with a welding machine ES Weld 2000 by
ES LASER (Bordeaux, France) equipped with an infrared laser beam at a wavelength of
970 nm with a maximum power of 225 W. The ovoid shape of the beam, about 5 mm wide,
was obtained by a “top hat” lens allowing a uniform distribution of the laser radiation on
the area to be welded. Two scans of the laser beam were arranged at an interval of 5 mm
from each other. The laser speed was set up at 17 mm·s−1 and was carried out over the
entire width of each assembly.

During these tests, the laser power was set between 20% (~34 W) and 35% (~69 W),
and the laser scanning speed was between 17 mm·s−1 and 33 mm·s−1. Visually, the welds
were homogeneous for a scanning speed of 17 mm·s−1 and a power of 25% (~45 W), 30%
(~52 W), and 35% (~69 W) for respectively the 1, 2, and 4 mm thick PEI samples. Then, the
power used for each PEI thickness was adjusted more precisely: 45 W for 1 mm thick PEI,
50 W for 2 mm, and 66 W for 4 mm thick.
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2.4. Characterization of Weld Assemblies
2.4.1. Mechanical Properties

The weld resistance was measured by the single lap shear test, where the maximum
force was obtained after applying a tensile load to the specimens. The welds and test were
performed following the ASTM D1002 standard, with 100 × 25 mm2 samples corresponding
to long and wide, respectively, and a minimal overlap area of 10 × 25 mm2, on an Instron
universal testing machine at 2800 N·min−1 cross-head speed. The lap shear strength was
then calculated by Equation (2).

LSS =
Fmax

A
[MPa] (2)

In the lap shear test, the strength of a bonded joint (shear stress) depended on the load
to the point of fracture (Fmax) and overlapping area (A).

2.4.2. Optical Observation

The internal quality of the joints was inspected through a high-resolution microscope
Keyence VHX-6000S (Bois-Colombes, France) in a reflection and transmission mode. Three-
dimensional imaging was used for mapping each fractured interface after the mechanical
test. Additional images were obtained from a camera Huawei P40 (Shenzhen, China) for
a larger visual field. Image analysis of the welded surfaces was carried out using ImageJ
v1.51k software (Wayn Rasband National Institutes of Health, Bethesda, MA, USA).

3. Results and Discussion

3.1. Material Properties

Both PEI and PEEK are sensitive to water intake, which affects the quality of the
weld. If water is present, it evaporates upon heating, inducing material swelling and
defects. Potente et al. [38] welded undried and pre-dried PEEK, they noticed bubbles in the
undried PEEK welds only. Besides, heat damages were reported [33] on amorphous PEEK
at a power of 20 W with a focal plane speed of 4 mm·s−1. Although the authors agree about
the role of water on defects, the effect of process parameters, such as power and sample
speed, are modified with water content. The combined effect of water and fast heating ramp
looks to worsen the apparition of defects. Welding processes are very energy-intensive and
heating ramps are very high, possibly higher than 1000 ◦C·s−1. Moreover, in transmission
laser welding, heating is precisely located in a line or small points. Therefore, the presence
of water in the materials causes unsymmetrical swelling of the substrates or locally, the
creation of trapped bubbles due to the vaporization of water during welding.

Figure 5 presents the mass evolution for the sorption and desorption (drying) of PEI
plates. Figure 5a shows the stabilization of the water content after 312 h of immersion.
The corresponding saturation uptake was 1.30%wt. Then, the drying step in Figure 5b
verifies the time required to remove water from PEI. During the first hours of drying, the
weight decreased to −1.25%. The weight reduction was slower during the next hours, with
an equilibrium after 8 h at a total mass loss of 1.40%. This weight loss was higher than
the initial water uptake of 1.30%wt. This is due to the uncompleted drying of the initial
state. As explained in Section 2.2.1, the first step was drying at 150 ◦C for 3 h: this duration
was not enough to reach a fully dried state. Finally, our water equilibrium concentration is
similar to Merdas’ result of 1.39%wt. at 20 ◦C to 1.50%wt. at 100 ◦C [40].
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(a) (b) 

Figure 5. For PEI (a) Evolution of water diffusion at 25 ◦C and (b) Evolution of mass loss with drying
time at 150 ◦C (dots of different colors represent measurement by FTIR spectroscopy).

Similarly, the evolution of the weight loss for CF/PEEK plates is presented in Figure 6.
Figure 6a shows the diffusion of water into the CF/PEEK plates to achieve water saturation
after 600 h (25 days) for a maximum mass gain of 1.17%wt. Figure 6b presents the drying
curve of CF/PEEK: a rapid mass loss took place during the first hour and then the mass
loss was slower. The equilibrium was reached after 24 h for a total mass loss of 1.24%.
Grayson and Wolf [41] measured a water intake of 0.44%wt. at 35 ◦C to 0.55%wt. at 95 ◦C.

(a) (b) 

Figure 6. For HM63/PEEK (a) Evolution of water diffusion with time at 25 ◦C and (b) Evolution of mass
loss with drying time at 150 ◦C (dots of different colors represent measurement by FTIR spectroscopy).

The chemical analysis of dried and wet samples was performed using Fourier-transform
infrared spectroscopy which is based on the absorption of infrared radiation by bonds. The
position and shape of absorption peaks in a spectrum indicate the nature of chemical groups
characterizing the material. The spectra are provided as Supplementary Materials, Figure S1.
For PEI, no structural change or degradation was observed after 24 h of sorption or drying.
A slight change appeared after 96 h of drying when the -CH2 groups were more visible in
the 2700 cm−1 and 2750 cm−1 bands. Correa et al. [42] followed the evolution of stretching
bands of -OH groups with sorption time to determine the dynamics of the transport of water
molecules within PEI. He revealed different types of hydrogen bonding. He assigned the
sharp peaks at 3655–3562 cm−1 to isolated water molecules interacting via H-bonding with
the PEI backbone. A second doublet at 3611–3486 cm−1 was associated with water molecules
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self-interacting with the first shell species through a single H-bonding (self-associated or
second-shell water molecules).

In the case of CF/PEEK, after 24 h of sorption, a strong stretch of -OH groups appeared
at 3390 cm−1. As sorption progresses, the spectrum was substantially similar with the
intensity of the absorption peak increasing with water uptake. After 24 h of drying, the -OH
groups disappeared, which means that water was reversibly removed from the material.
Thus, for both materials, the heating time or water exposure was not sufficient to cause
high levels of structural modification or chain breakage.

Based on these results, the drying conditions were defined as at least 8 h for PEI and
24 h for CF/PEEK.

The DSC and TGA thermograms of PEI and CF/PEEK are presented in Figures 7 and 8,
respectively. The thermal transitions such as glass transition (Tg), melting (Tm) and crystal-
lization temperature (Tx) were obtained from DSC. TGA thermograms give weight loss when
the temperature increases. As a convention, the degradation temperature (Td) was considered
when the polymer lost 5% of its mass.

(a) (b) 

Figure 7. PEI thermograms (a) DSC and (b) TGA.

(a) (b) 

Figure 8. CF/PEEK thermograms (a) DSC and (b) TGA.

The Tg of PEI was observed between 211 ◦C and 216 ◦C. This reflects the change
from the glassy state to the rubbery state in which the polymer chains gain mobility. The
degradation took place in two main steps up to a complete weight loss. The degradation
temperature was 531 ◦C. This temperature should not be exceeded to avoid damaging the
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chemical structure. Augh et al. [43] related no changes in molecular weight, glass transition
temperature, or mechanical properties of PEI during an induction process. Because the
time scale in the induction heating process was short, almost no degradation was observed.
Amancio Filho et al. [44] indicated that the primary thermal degradation mechanism of
PEI is chain scission, with a very small decrease in average molecular weight. This minor
decrease in molecular weight could be considered irrelevant for the mechanical perfor-
mance of the joints because it is either above or within the molecular weight range where
the strength of the PEI is independent of the variations in this property. So, we assume that
the PEI macromolecular structure was not significantly modified by the welding cycles.

For CF/PEEK, the Tg of PEEK was estimated at 163 ◦C. The glass transition of pure
PEEK is usually near 150 ◦C [45]. A slight modification of the macromolecules could
stem from the interaction of PEEK macromolecules with carbon fibre surfaces [46]. The
maximum melting peak was 343 ◦C. After melting, CF/PEEK crystallized on cooling with
a maximum crystallization peak at 298 ◦C. The melting enthalpy was measured at 15 J·g−1

on heating. Considering that the volume fraction of carbon fibre is 61% of the composite, it
was possible to calculate the degree of crystallinity with Equation (1). The degree of it for
PEEK was 30% which is lower than the highest values reported in the literature for pure
PEEK, up to 40% [45]. However, carbon fibres, apart from crystallization initiation and
nucleation that decrease the process duration, do not modify it in general [47].

In Figure 8b, the degradation temperature for CF/PEEK is 571 ◦C, while it is faster
for pure PEEK and starts at 556 ◦C. The degradation of CF/PEEK composites occurred in
three steps. When reaching 800 ◦C, the weight loss was only 55% due to the presence of
carbon fibres whose thermal stability is much higher than those of polymers. The thermal
degradation of PEEK and CF/PEEK composites was well described in Gaitanelis’ work [48].

For welding, the interface temperature must reach the temperature at which molecular
mobility allows the interdiffusion of the polymeric chains. For amorphous thermoplastics,
the welding temperature is after the glass transition and most often it is necessary to reach
Tg + 140 ◦C [49] for the polymer to flow sufficiently. For semi-crystalline thermoplastics,
welding takes place at the melting temperature or a few degrees above Tm + 70 ◦C [49],
while preventing material degradation.

Based on these results, the theoretical welding range could be defined between 350 ◦C
(Tg of PEI + 140 ◦C) and the degradation temperature of PEI: 350 ◦C < T < 530 ◦C for PEI
on CF/PEEK assemblies. The lowest temperature limit, 350 ◦C corresponds also to the Tm
of CF/PEEK.

The thermal conductivity of PEI was 0.20 W·(m·K)−1, and the specific heat was
1068 J·(kg·K)−1. Comparatively, the through-plane thermal conductivity obtained for
CF/PEEK was 15.95 W·(m·K)−1 and up to 55.00 W·(m·K)−1 in plane one. Thus, PEI acts as
a thermal insulator in welding, keeping heat inside the material. Oppositely, in CF/PEEK,
the fibres contribute to fast heat dissipation inside the whole elements to be welded. The
thermal conductivity of CF/PEEK is higher than those of PEI, so the heat is dissipated faster
in composites [50]. Regarding induction welding, the fibres play the role of a conductive
element, allowing for the generation of Eddy currents inside the composite instead of a
metallic susceptor. Rudolf et al. [51] reported that continuous carbon fibres may act similar
to closed loops within the composite structure.

The dynamic mechanical analysis gives information on the macromolecular mobility
and the temperature processing window. The welding configurations were either CF/PEEK
on CF/PEEK, PEI on CF/PEEK and CF/PEEK on CF/PEEK with a 250 μm thick interfacial
PEI film.

Polymers are immiscible in most cases, but PEEK and PEI are fully miscible according
to Hsaio [36]. This makes PEI a relevant option to assemble PEEK composites.

In Figure 9a, the storage modulus (E’) of PEEK shows three distinct regions: a high
modulus glassy region where the segmental mobility is restricted, a transition zone where
a substantial decrease of E’ with the increase in temperature, and a rubbery region (the
flow region) where a drastic decay is seen.
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(a) (b) 

Figure 9. Dynamic mechanical analysis for pure PEEK and PEI (a) storage and loss moduli and
(b) loss factor.

The E’ curve of PEI shows the typical behavior of an amorphous polymer, which
migrates from an energy-elastic to an entropy-elastic state after reaching the glass transition
temperature. The amorphous plateau was not visible: above 250 ◦C, the PEI was so
soft that measuring is not possible in this configuration. Instead, a plate configuration
would be suitable. For both materials, the loss modulus (E”) curves demonstrate broad
and asymmetrical peaks related to the energy dissipated through inter macromolecular
frictional motion.

Figure 9b indicates the mechanical response of the glass transition (Tα) when tan(δ)
reaches a maximum. The peak of PEEK was broader and less symmetrical than those of
PEI. The peak shape is correlated with the polydispersity and the various relaxation times
characterizing macromolecular mobility.

The storage modulus of PEI dropped right after its glass transition at 217 ◦C, giving
the macromolecules a high level of mobility while PEEK chains kept their rigidity. So, PEI
would facilitate the motion and the diffusion of PEEK chains across the interface. Thus, less
energy would be required to soften the PEEK matrix. Based on these results, PEI could be
assembled with PEEK from 250 ◦C when the PEI macromolecules gained enough mobility
to diffuse within PEEK.

For PEEK/PEEK welding, previous studies demonstrated that it is necessary to attain
its melting temperature close to 360 ◦C for effective interfacial bonding [35,52,53].

The transmission coefficient of PEI and CF/PEEK was measured to check their weld-
ability in laser through-transmission configuration in the wavelength range of 400 nm to
1000 nm. For a fixed temperature, the transmittance is influenced by the chemical structure,
surface roughness, angle of incidence of the light, and sample thickness. The measurements
were carried out at 20 ◦C for 1, 2, and 4 mm PEI plates as well as for CF/PEEK plates in
Figure 10a. The evolution of the transmittance with temperature for PEI was followed in
the range of 20–140 ◦C in Figure 10b.
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(a) (b) 

Figure 10. Transmission coefficient of (a) PEI and HM63/PEEK at 20 ◦C and (b) PEI for
different temperatures.

The transmission of PEI was negligible close to 400 nm, then it increased to 57%
for 1 mm thick at a maximum of 1000 nm. At the wavelength of interest at 970 nm, the
transmittance was 52%, 50%, and 43% at 20 ◦C for 1, 2, and 4 mm thick samples, respectively.
As expected from the Beer-Lambert law presented in Supplementary Materials, Figure S2,
the transmission factor increases when the thickness of the sample decreases. It is well-
known that the transparency of amorphous polymers increases the scatter of the laser light,
which in turn increases the effective beam diameter [54]. For the CF/PEEK, the transmission
was 0% over an entire wavelength range. This is due to the high absorption ability of the
carbon fibres. Chabert et al. [16] reported that below 23% of transmission, the power rate
of the laser reaching the interface was too low. The energy density at the interface was
not high enough to allow polyamide to reach its melting temperature. In Figure 10b, it
is observed that the thermal dependence of the transmittance of PEI was negligible in
the range of 20 ◦C to 140 ◦C. Since there is no thermal transition, it is expected the same
transmittance for PEI upon heating up to Tg = 217 ◦C. For a through transmission laser
welding, the upper substrate must be semi-transparent to the laser wavelength, whereas the
lower substrate must be opaque. Thus, the beam energy needs to be completely absorbed
by the lower substrate which will heat up, and by conduction, will cause the temperature
of the upper substrate to rise. According to the transmission factors, PEI plates could be
assembled as an upper element by a through transmission laser welding whatever their
thickness up to 4 mm. CF/PEEK is suitable as a lower element.

3.2. Interfacial Strength of Assemblies
3.2.1. Monitoring of the Interfacial Temperature

To ensure a satisfactory interfacial adhesion, it is necessary to reach a temperature
above the melting temperature of PEEK or the glass transition of PEI. Controlling tempera-
ture at the interface during welding, therefore, would ensure the quality of the welds. Since
temperature is a key parameter for optimizing welding processes, the temperature at the
interface during heating and cooling was monitored.

The temperature at the interface was measured during welding for the three processes.
For ultrasonic welding, K-type thermocouples were inserted inside the PEI energy director
film. The results were reported in Bonmatin’s work [27].

For induction welding, N-type thermocouples were placed at the start and end of the
weld, the results are shown in Figure 11.
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(a) (b) 

Figure 11. Temperature monitoring during IW for (a) CF/PEEK on CF/PEEK and (b) PEI 1 mm
on CF/PEEK.

The maximum temperature reached for welding CF/PEEK on CF/PEEK was higher
than the melting temperature of PEEK. It took about 30 s to achieve the maximum tem-
perature at 375 ◦C (Figure 11a). Besides, a lower temperature of 300 ◦C was sufficient for
welding PEI on CF/PEEK (Figure 11b), which was higher than the glass transition of PEI at
216 ◦C. This result is consistent with our hypothesis explaining that PEI chains facilitate
the motion and the diffusion of PEEK across the interface. Thus, less energy is required to
soften the interface.

During transmission laser welding, three K-type thermocouples were placed in the
PEI (upper element) close to the interface, at the start, in the middle, and at the end of
the weld.

Even though temperature monitoring is recognized as essential to improving the quality
of welds, in-situ measurements are rare in the literature. The obstacles come from the closed
interface and the displacement of the contact surface in the case of ultrasonic welding. The
main approach consists of embedding a thermocouple inside an interfacial polymer layer [27]
or inside a part to be welded as close as possible to the contact surface [55]. Another option
is to measure the temperature distribution by infrared thermography with the camera field
either perpendicular [17] or parallel to the welded interface [56–59]. Then, fiber Bragg grating
sensors are constructed in a short segment of optical fibre that reflects particular wavelengths
of light and transmits all others. They are used to monitor physical parameters such as
temperature even in inaccessible, unconventional environments. One such application is
monitoring the temperature of a substrate from the back surface such as any conventional
thermocouple sensor [60,61]. In the latter case, numerical models were applied to calculate
the interfacial temperature taking into account the thermal properties of materials [62].

For welding processes hereby considered, temperature ramps measured with thermo-
couples are gathered in Table 1.

Table 1. Heating and cooling temperature ramps for welding processes.

In K·s−1 Ultrasonic Welding Induction Welding Laser Welding

Heating ramp 1000 10 200
Cooling ramp 500 5 100

Thus, the fastest temperature increase was for ultrasonic welding. Whatever the
process, we assume the maximum temperature at the interface reached the thermal transi-
tions of PEI and PEEK as defined by DSC without exceeding the degradation temperature
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determined by TGA. This assumption was based on an interfacial resistance obtained from
mechanical tests presented below.

We underline that such degradation temperature was measured in slow ramps (5 K·min−1).
When PEEK and CF/PEEK are exposed to rapid heating rates, they withstand much higher
temperatures up to 600 ◦C without evidence of degradation, as attested by Gaitanelis [48] and
Bonmatin’s work [27].

3.2.2. Mechanical Resistance of Welded Parts

The resistance of welded specimens was probed by single lap shear tests. The strength
(LSS) values are reported in Figure 12. Three configurations were explored as reported in
Figures 2–4 for an ultrasonic, induction and laser welding respectively. For ultrasonic and
laser processes, the assemblies were obtained by overlapping two 25 mm width specimens.
For induction welding, two 50 mm width specimens were overlapped to fit our induction
welding set-up. Then, they were cut to provide the 25 mm width assemblies. Some of
them were separated during cutting, which reflected the low resistance of the welds: these
specimens were discarded. The nomenclature is either material X/PEI/material Z when a
PEI film was placed at the interface or material X/material Z without an interfacial film. For
example, HM63PEEK/PEI/HM63PEEK refers to a joint between two elements of CF/PEEK
with a PEI energy director. At least 6 assemblies welded with identical parameters were
tested. Each point of the graphs corresponds to an assembly, whereas the bars are the
average value of these points, with the standard deviation.

 
(a) (b) (c) 

Figure 12. Lap shear strength of test specimens after (a) ultrasonic, (b) induction and (c) transmission
laser welding. LSS is calculated from the effective welded surface.

LSS was calculated from Equation (2) by dividing the force to separate the welded specimens
by the welded area. For ultrasonic welding, the welded areas were considered to be the fully
overlapped surface: 25 × 10 = 250 mm2. When observing the fractured surface, the overlapped
surface looked totally melted, which strengthened our choice. Oppositely, the welded areas
obtained by induction and laser transmission were theoretically 25 × 20 = 500 mm2. However,
because the melted zone did not correspond to the entire surface, each surface was measured
precisely to ensure a reliable LSS value. The welded areas obtained by an induction and laser
transmission were calculated using the software ImageJ on PEI surfaces. The areas could not
be measured on composite surfaces because the melted zones were not clearly visible on black
surfaces. In the case of induction, the size of the welded areas was from 160 mm2 to 290 mm2
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for PEI on CF/PEEK assemblies and from 460 mm2 to 520 mm2 for CF/PEEK on CF/PEEK
assemblies, meaning that 32% to 100% of the overlapped surface was effectively welded. Laser
welding provides a very repetitive bonded area. The geometries were two parallel lines apart to
create one large welded zone. The width of one line was estimated between 4 mm and 4.5 mm,
whereas the distance of laser passage between them was set up at 6 mm. The variability of the
welded surfaces was very low, with an average value of 210 ± 5 mm2 corresponding to 42% of
the overlapped surface, regardless of the thickness of the upper substrates. This highlights the
reproducibility of the welds produced by a through transmission laser welding.

In Figure 12a,b, the values obtained for PEI on CF/PEEK assemblies correspond to
a 1 mm thick PEI substrate. In addition, a PEI film was used as an energy director in
ultrasonic welding for CF/PEEK on CF/PEEK welds. In the case of laser welding, 1, 2, and
4 mm thick PEI substrates were assembled on 1 mm thick CF/PEEK.

For some 1 and 2 mm thick PEI on CF/PEEK assemblies, the fracture took place in
the PEI specimen instead of at a welded interface. Therefore, the LSS results were not
the resistances of the weld but those of the PEI substrate. These values indicate that the
weld was stronger than the maximum stress acceptable by the PEI plates. This case is
discussed below. The highest LSS mean value was noticed for ultrasonic welding for welds
between two CF/PEEK composites at 22 MPa. The best connection between the PEI and
CF/PEEK was obtained for transmission laser welding with 2 mm thick PEI at a mean
value of 13 MPa. With the same configuration, the LSS obtained for ultrasonic welding
was 7 MPa. For both configurations, the lowest values of LSS were obtained for induction
welding with an average of 10 MPa and 4 MPa for CF/PEEK on CF/PEEK and PEI on
CF/PEEK, respectively.

The narrowest standard deviation was obtained for laser welding. The highest stan-
dard deviation was for induction welding when joining CF/PEEK on CF/PEEK and for
an ultrasonic welding when joining CF/PEEK on CF/PEEK with a PEI energy director.
However, the highest LSS values were obtained with the latter process/material couple
with about 30 MPa. This result could stem from the difficulty to prevent the PEI interfacial
layer from flowing. Indeed, a reasonable flow is beneficial to the mechanical resistance,
whereas an excessive flow of PEI induces a fibre displacement and deformation of the
specimens, resulting in a lower strength.

To sum up, ultrasonic welding seems to be well-suited for assembling composite on
composite whereas transmission laser welding is appropriate for PEI/composite welds.

The analysis of fracture modes is presented below based on photographs of assemblies
after the mechanical tests. The images of fracture surfaces for an ultrasonic, induction, and
laser welding are presented in Figure 13, Figure 15 and Figure 16, respectively.

• Ultrasonic welding

For ultrasonic welding, in Figure 13a, a slight fibre distortion at the edges of the
CF/PEEK on CF/PEEK welds (with a PEI film at the interface) was observed, the latter
could be due to the welding load of 500 N applied up to the cooling. A significant flow of
the PEI was observed with slight deformation of the fibres on the edges of the assemblies.
A mixed cohesive/adhesive failure occurred at the interface and in the inner layers of the
two substrates. In Figure 13b, the welding of PEI on CF/PEEK resulted in a break in the
PEI substrate. This indicates that the resistance of the interface was greater than that of the
PEI substrate, whose thickness was 1 mm in this case.
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(a) 

 

(b) 

Figure 13. Fracture surfaces after LSS testing of ultrasonically welded specimens from 1 to 6 for
(a) CF/PEEK on CF/PEEK with 250 μm thick PEI as energy director and (b) 2 mm thick PEI
on CF/PEEK.

For further analysis, Figure 14 displays the interfacial fracture of a weld that exhibits
both cohesive and adhesive failure within CF/PEEK plies. In Figure 14a, the optical
micrograph from an entire welding area after a lap shear test is presented. An image of
a specific location for two CF/PEEK plies is presented in Figure 14b. In that case, the fibres
were pulled out, confirming that a cohesive fracture within one ply occured. Some fibres
from the second ply were attached to the second composite specimen which is obvious from
the height difference of 150 μm measured by optical microscopy. The layer on the right
belongs to the first ply of the composite of 140 μm whereas the layer on the left belongs
to the second one. A hypothesis is that cracks initiated in both CF/PEEK overlapped
specimens of this assembly. The cracks crossed from one CF/PEEK layer to the next one
through the PEI-rich interphase, giving rise to this rough surface.

  

(a) (b) 

Figure 14. Optical micrographs after LSS testing of ultrasonically welded of (a) interfacial fracture of
two layers of CF/PEEK and (b) colour chart corresponds to a height difference.

With the PEI film at the interface, the fractured surfaces show PEI flowing along the
edge of a transverse outer lap. Also, a fibre breakage in the middle of the lap was observed.
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Further examination of the damaged areas on the fracture surface revealed the presence of
dry carbon fibres on the edge of the transverse outer lap, which could be interpreted as
a sign of thermal degradation. It is possible that the maximum temperature reached was
locally too high.

• Induction welding

In the case of induction welding in Figure 15a, neither a fibre distortion nor polymer
flow was noticed, ensuring accurate dimensional stability. For CF/PEEK on CF/PEEK,
a mixed cohesive/adhesive failure occurred at the interface and the inner layers of both
substrates. Because of black surfaces and slightly deformed samples, determining the
welded area was not possible. For this reason, we considered the total overlapped area to
calculate LSS, which underestimates the LSS value.

 

(a) 

 

(b) 

Figure 15. Fracture surface after LSS testing of induction welded specimens from 1 to 6 for
(a) CF/PEEK on CF/PEEK and (b) 1 mm thick PEI on CF/PEEK.

Welds of PEI on CF/PEEK in Figure 15b allow observing a presence of bubbles or a
grainy appearance on some specimens. This could come from a material flow during the
application of pressure up to 1.5 MPa. Half of the 1 mm thick PEI assemblies broke within
PEI, indicating that an interface resistance was higher than that of the PEI substrate. The
others gave rise to an adhesive rupture, with the presence of a few fibres adhered to the
CF/PEEK substrate.

• Through transmission laser welding

In Figure 16, the failure of the PEI substrate is observed for the assemblies with the
1 mm and 2 mm thick PEI. Again, this implies that the interface had an LSS higher than
the resistance of the PEI substrate. In the case of the 4 mm thick PEI, a rupture of the
interface was observed. Some fibres of the CF/PEEK remained on the PEI, indicating
a cohesive failure.
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(a) 

 

(b) 

 

(c) 

Figure 16. Fracture surface after LSS testing of transmission laser welded specimens from 1 to 6 for
(a) 1 mm PEI, (b) 2 mm PEI and (c) 4 mm thick PEI on CF/PEEK.

Still, for laser welding, Figure 17 shows an optical micrograph from the entire welding
area after a lap shear test. In both cases, it is possible to observe some fibres on the surface
of the PEI substrate, proving a strong adhesion at the interface. The differences in failure
and LSS results are significant: the average LSS was higher for 2 mm thick PEI than for
4 mm thick. Indeed, a weld of 4 mm PEI on CF/PEEK in Figure 17b looks degraded with a
more uneven and darker surface compared to 2 mm PEI. Such thermal degradation may be
caused by changes in energy density applied during the welding process. Indeed, for welds
of 2 mm PEI on CF/PEEK and 4 mm PEI on CF/PEEK, the energy density of 14.7 J·mm−2

and 19.5 J·mm−2 were used, respectively. The energy density was increased to compensate
for the decrease in transmission factor when the PEI is thicker, as seen in Section 3.1 in
Figure 10. However, too high energy density may provoke the degradation of the material
and result in lower mechanical properties.
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(a) (b) 

Figure 17. Optical micrographs of interfacial fracture after LSS testing of transmission laser welded
of (a) 2 mm PEI and (b) 4 mm thick PEI on CF/PEEK (on the top, transparent PEI, on the bottom,
absorbent CF/PEEK).

• Summary

For PEI on CF/PEEK welds, the failure of PEI was observed for all welds whatever
the welding process. Indeed, the PEI specimens were solicited in a tensile mode and when
the load reached a tensile yield, the PEI specimen broke. This means that the welded joint
was stronger than the PEI. The tensile properties of injection moulded PEI specimens were
measured: the ultimate tensile strength was 99 MPa and the elastic modulus was 3300 MPa.
The results obtained when the PEI substrate failed were determined by the tensile stress
experienced by the PEI substrate. Considering the maximum force reached during the LSS
test divided by the specimen section (width × thickness), an average value of 50 MPa was
obtained; half of the ultimate tensile strength (UTS) of injection moulded PEI specimens.
One could be noticed that the welded specimens were manufactured by compression
moulding whereas UTS was obtained from injection moulded specimens. It is well-known
that injection moulding orientates the macromolecules in the flow direction; the latter is also
the testing direction. When pulled out, the intramolecular bonds—mainly C-C covalent
bonds—are stretched. Oppositely, in compression moulding, the polymer conformation
obeys the Gaussian random coil: there is no preferential orientation in their organization.
During LSS testing, the intermolecular bonds—van der Waals and hydrogen bonds, whose
dissociation energy is much lower—are also involved in the mechanical resistance.

Amanat et al. [33] reported different failure modes: interfacial, bulk substrate, near
interfacial substrate, substrate, and interfacial. The mode of failure for joints was adapted
from classifications used with adhesive-based joints [63,64]. In our case, the failure in the
PEI substrate resulted in a tensile yield and break (Figure 13b, Figure 16a,b). When the
thickness was 4 mm (Figure 16c), the PEI did not break, highlighting the weld resistance.

During ultrasonic welding, a PEI film inserted between the two CF/PEEK specimens
strengthens the welds. Indeed, when assembling CF/PEEK on CF/PEEK, some fibre/fibre
contact is possible in some areas, preventing a full close contact. Adding a PEI film ensures
a polymer layer that is softened upon heating. However, it seems that the pressure was
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so high that this layer flowed beyond the specimen edges, as a consequence, dimensional
accuracy was not kept.

On the contrary, dimensional accuracy was guaranteed for induction welding. How-
ever, the fracture surfaces between composites (Figure 17) showed damage in the CF/PEEK
material along the transverse external overlap edge and also in the middle of the overlapped
zone. A closer look into the damaged areas on the fracture surface revealed the presence of
dried carbon fibres (without polymeric matrix) at the transverse external overlapped edge,
which could be interpreted as a sign of thermal degradation. The middle of the overlap
shows, however, fractures within a resin-rich interlayer.

4. Conclusions

The originality of this work is to compare ultrasonic, induction and transmission laser
welding processes for the assembly of thermoplastic composites. The targeted application
is a skin for sandwich panels for the space industry. The process parameters have still to be
optimized, however, selected operation points give values of LSS high enough to fit some
industrial specifications.

The materials were thoroughly characterized to highlight the specific properties in-
volved in each welding process. Laser welding requires the upper element to be transparent
to the laser wavelength. The transmission factor of PEI was 52%, 50%, and 43% at 20 ◦C for
1, 2, and 4 mm thick samples at the wavelength of interest at 970 nm. Induction welding
required the material to be electrically and thermally conductive. The thermal conductivity
of CF/PEEK was 55 W·(m·K)−1, which makes it suitable to be welded by induction with-
out a metallic susceptor. Ultrasonic welding is the most versatile process as it does not
necessitate any material properties.

For CF/PEEK on CF/PEEK, the maximum LSS value of 28.6 MPa was reached for
an ultrasonic welding, while an induction one brought 17.6 MPa. This difference is partially
due to the addition of a 250 μm thick PEI film used as an interfacial energy director for
ultrasonic welding. CF/PEEK on CF/PEEK joints resulted in mixed cohesive/adhesive
failure at the interface and within the inner layers of both substrates.

For PEI on CF/PEEK assemblies, the three processes are suitable. The maximum LSS
values were obtained for laser welding at 15.2 MPa, followed by ultrasonic welding at
8.5 MPa and induction welding at 4.2 MPa. These low values are explained by the fracture
of PEI specimens when the PEI thickness was below 4 mm. The LSS values reported are not
associated with the interfacial resistance but with the tensile strength of the PEI itself. The
highest LSS for welds with PEI were obtained by laser welding for PEI of 2 mm thickness.
It is worth highlighting the effect of the low thermal conductivity of PEI compared to
CF/PEEK layers. The heat is dissipated faster inside the composite layers due to carbon
fibres, which require reaching higher temperatures to bring enough heat to the interface in
the case of CF/PEEK on CF/PEEK assemblies.

In all welding processes, controlling the interfacial temperature is not easily controlled.
The temperature must stay above the glass transition of PEI or melting temperature of
PEEK while preventing degradation and delamination of composite plies. Further research
efforts are necessary to develop reliable in-situ temperature measurements to monitor
an interfacial temperature, as a step towards dimensional accuracy and weld resistance.
Further works will be oriented to gain insights into the effect of process parameters on
temperature distribution in the contact area.

Finally, the three processes are promising for assembling carbon fibre/PEEK compos-
ites. The ongoing study aims to optimize the process parameters to increase the strength
of the welds, before transferring the processes for assembling parts for space applications
such as satellites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma15186365/s1, Figure S1: FTIR spectra, Figure S2: Beer-Lambert law graph.
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Abstract: The present study investigated the influence of temperature on molecular interdiffusion at
the interface during the laser transmission welding of 3D-printed continuous carbon-fiber-reinforced
thermoplastic composites. In order to accurately measure the temperature at the weld interface,
a series of thermocouples were embedded in the laser-absorbent composite part. Two different
molecular interdiffusion models were implemented to calculate the degree of healing and to predict
the effects of temperature on the welding process. The degree of healing and the weld line width were
computed and compared with microscopy observations. The discrepancy between the two proposed
numerical models was less than 6%. Both models showed good agreement with the experimental
data, with an average error of 13.28% and 7.26%, respectively. The results revealed a significant
correlation between the thermal history and molecular interdiffusion at the interface. Furthermore,
the relationship between the welding parameters (laser beam scanning speed) and weld line width
was established. The findings of this study provide a comprehensive understanding of the underlying
mechanisms involved in the laser welding of 3D-printed composites and offer insights to optimize the
welding process for enhanced weld quality and superior mechanical properties in the final product.

Keywords: molecular interdiffusion; laser transmission welding; 3D printing; composite materials;
thermoplastic polymers; interface temperature; modeling; simulation

1. Introduction

Laser transmission welding (LTW) presents numerous advantages in welding thermo-
plastic polymers and composites compared to alternative conventional techniques such
as ultrasonic or friction welding. LTW offers precision, flexibility, a limited heat-affected
zone, effortless automation and control, and the absence of contamination [1,2]. Regarding
3D-printed continuous fiber-reinforced composites, wherein the mechanical performance
remains restricted by the fiber orientation within the printing layers, and the relatively
low strength of inter-layer bonding [3–5], LTW emerges as a prospective joining technique
to form large functional assemblies. It makes it possible to produce objects in which the
continuous reinforcing fibers are arranged to support multi-directional mechanical loads.

In LTW, a pair of components are involved, wherein one exhibits transparency to the
laser wavelength (so-called laser-transparent part) while the other possesses absorption
characteristics at the same wavelength (so-called laser-absorbent part). Prior to initiating
the welding process, these components are accurately aligned. Subsequently, the laser
beam energy penetrates through the transparent material and is absorbed by the absorbent
material at the interface of both materials. As a consequence, the absorbent interface experi-
ences heating, causing the materials to melt and fuse together and creating a bond between
the two parts. The quality of the bond formed by a weld line is characterized by two
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main phenomena that define the degree of bonding: intimate contact and healing (or the
molecular interdiffusion of the polymer across the bonding interface) [6]. The phenomenon
of healing is intricately linked with the process of intimate contact, as it is only possible for
healing to take place within regions of the interface where intimate contact is established [7].
The present study focuses on the description of the healing process assuming that complete
intimate contact is already achieved at the interface. Healing can occur only when the tem-
perature rises above the glass transition temperature (Tg) for amorphous thermoplastics or
the melt temperature (Tm) for semi-crystalline thermoplastics, respectively. For the welding
of fiber-reinforced thermoplastic composites, it was demonstrated in a previous work that
the temperature at the interface should be well above the (Tg) of the thermoplastics to
achieve optimal adhesion and complete chain entanglement [8].

The establishment of a robust bond between welded components depends on both an
optimal temperature distribution within the heat-affected zone and a controlled welding
time [9]. The temperature distribution and weld profile at the interface were widely de-
termined by numerical simulations [10–13]. Validation was achieved indirectly through
infrared thermography measurement at the back surface of the absorbent part [8,14]. Never-
theless, numerical simulations require knowledge of the intensity flux at the weld interface,
which depends on the intensity flux distribution of the incident laser beam as well as the
thickness, structure, and optical properties of the transparent part. Unfortunately, in the
case of fiber-reinforced and filled composites, or semi-crystalline polymers, measuring the
energy loss due to reflection and absorption within the transparent part is not trivial [15].

Recent literature reviews have highlighted the growing significance of thermoplastic
composite bonding and welding processes in various industries, particularly due to the
demand for lightweight, high-strength components [16–18]. However, challenges persist in
achieving efficient and reliable welds, especially when dealing with complex geometries
and various polymer materials [16,17]. The main issues related to the welding process of
thermoplastic composites include (1) the need to control the heat input to avoid burning
the materials; (2) the need to ensure that the materials are properly bonded together at
the interface; and (3) the need to prevent the formation of voids or defects in the weld.
This research endeavors to address these challenges by exploring innovative solutions to
improve the thermoplastic composite welding process [19–21]. By examining the effect
of temperature on molecular interdiffusion at the interface, this study aims to offer in-
sights into optimizing the welding parameters, such as the laser beam scanning speed, for
enhanced weld strength and quality of the final product.

Previous studies in the literature have shown that temperature plays a crucial role in
controlling healing at polymer–polymer interfaces [7,22,23]. As a consequence, in this study,
we aim to comprehensively investigate the effect of temperature on molecular interdiffusion
at the interface in the laser transmission welding of 3D-printed continuous carbon-fiber-
reinforced thermoplastic composites. The goal is to gain a better understanding of the
fundamental processes that occur during the laser welding of 3D-printed thermoplastic
composites. This knowledge can be used to optimize the welding process and improve
the quality and mechanical properties of the final product. A unique approach in this
research work is the use of an embedded set of thermocouples in the laser-absorbent
composite parts, which enables an accurate temperature measurement at the weld interface.
Two different non-isothermal molecular interdiffusion models are employed to predict
the effects of temperature on the welding process so as to investigate the relationship
between temperature and molecular interdiffusion at the interface. As mentioned above,
intimate contact issues are beyond the scope of the present study; therefore, weld quality is
characterized by the weld line width instead of the weld strength [24,25]. Accordingly, the
relationship between the welding parameters and weld line width is analyzed.

2. Molecular Interdiffusion Models

In the case of isothermal conditions, the reptation theory introduced by De Gennes [26]
and Doi and Edwards [27], which models the motion of individual linear polymer chains
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within the amorphous bulk, is frequently employed to describe the molecular interdiffusion
(or healing) process. In the model, a polymer chain of length L is considered to be confined
in an imaginary tube, which is defined by the constraints of neighboring polymer chains
via entanglements. This imaginary tube restricts the movement of the chain exclusively
along its curvilinear length. At the beginning of the process, t = 0, the chain (i.e., the thin
solid line in Figure 1) is totally encompassed by the original tube. After a period of time,
t = t1, the end of the chain, which has more mobility compared to the center of mass of
the chain, escapes from the original tube, forming “minor chains” of length l. As time
evolves, an increasing proportion of the chain leaves the original tube. During this process,
l increases with time until it reaches (l = L) at the reptation time tR (see Figure 1).

Figure 1. Reptation movement of a linear polymer chain [28].

The polymer molecular interdiffusion at the interface between two miscible thermo-
plastics during the LTW process is depicted schematically in Figure 2. At the origin (t = 0),
all the minor chains have zero length as denoted by the dots. At t = t1, the reptation of
the minor chains initiates, and some of the minor chains cross the interface by an average
distance denoted as χ. Finally, when the time is close to the reptation time or relaxation
time t = tR, the interdiffusion is fully developed and chain entanglements are achieved
(i.e., χ = χ∞, and l = L) [22,29]. For a time longer than the reptation time, the interface
disappears, and the properties of the virgin bulk material are reached [30]. The bond
strength, σ, is characterized by the average interpenetration distance of the chains across
the interface χ, which varies as the square root of the minor chain length as χ ≈ √

l. By
using Einstein’s diffusion equation (Equation (1)), it is possible to show that healing is
related to time to a power of 1/4 [31]:

Figure 2. Interdiffusion of minor chains across a polymer–polymer interface during the laser trans-
mission welding process.
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〈
l2
〉
= 2Dt ⇒ χ ≈

√
l =

〈
l2
〉1/4

∝ t1/4 (1)

where
〈
l2〉 is the quadratic distance of diffusion, and D is the self-diffusion coefficient.

Finally, the degree of healing, Dh, is defined as the ratio of the instantaneous interfacial
bond strength to the ultimate bond strength as [7,26]

Dh =
σ

σ∞
=

χ

χ∞
=

(
l
L

)1/2
=

(
t

tR

)1/4
(2)

Regarding the LTW process, the temperature field exhibits temporal variation. Further-
more, the temperature distribution within a weld line is uneven. Bastien and Gillespie [23]
were the pioneers in introducing the non-isothermal healing model for the fusion bonding
of amorphous polymers. In this model, the thermal history can be divided into n time
intervals, in which the average temperature T∗

i , between times ti and ti+1, is assumed
constant. In this manner, the application of the healing theory is feasible during every
individual isothermal increment. Bastien and Gillespie [23] proposed two mathematical
models for the prediction of the bond strength, which were based on the minor chain
length criteria and the average interpenetration distance criteria. Szuchács et al. [28] have
recently demonstrated that the first model (Equation (3)) is more appropriate compared to
their experimental data. Therefore, this model (hereafter “Model 1”) is employed in the
framework of this research work:

Dh =
σ

σ∞
=

(
l
L

)1/2
=

[
n

∑
i=0

(
t1/2
i+1 − t1/2

i

tR(T∗
i )

1/2

)]1/2

(3)

The bond strength can also be assessed by calculating the quadratic distance of dif-
fusion according to the formulation depicted in Equation (1). On the basis of the work of
Doi and Edwards [32], Graessley [33] pointed out that the self-diffusion coefficient may be
calculated from the measurable viscoelastic quantities of the polymer as in Equation (4):

D =
G0

N
135

(
ρRT
G0

N

)2(〈
r2〉

Mw

)
Mc(T)

M2
wη0,Mc(T)

(4)

where G0
N is the plateau modulus, ρ is the polymer density, R is the universal gas constant,

T is the absolute temperature,
〈
r2〉 is the unperturbed mean square end-to-end distance

of the chain, Mw is the molecular weight, Mc(T) is the critical molecular weight at the
temperature T, and η0,Mc(T) is the zero-shear viscosity at the critical molecular weight and
the temperature T.

The G0
N modulus can be deduced from the master curve of the considered poly-

mer, which can be recorded through dynamic rheological measurements. The critical
molecular weight Mc(T) is linked to the molecular weight of entanglements Me(T) by
Equation (5) [34]:

Mc(T) = 2Me(T) with Me(T) =
ρRT
G0

N
(5)

The unperturbed mean square end-to-end distance of the chain is difficult to determine
experimentally. It was stated that the ratio between this distance and the molar mass Mw is
a constant [35]. In the case of the thermoplastic polymer used in the present study, namely
poly-ethylene terephthalate glycol-modified (PETG), this ratio is fixed as [35]〈

r2〉
Mw

= 0.845
o
A

2
mol·g−1 (6)

Note that the value associated with PET was used for this calculation due to the overall
similarities and a lack of prior literature covering PETG diffusion dynamics.
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The relationship between the zero-shear viscosity η0 and the molecular weight Mw
can be expressed by the following equation [33]:

η0 = kH M3.4
w (7)

where kH is a material constant. Utilizing the values for the known zero-shear viscosity
and molecular weight in Ref. [36], it is possible to solve for kH . Subsequently, a molecular
weight of Mw = 28,126 g·mol−1 was estimated for the PETG used in the present study.

Since the numerical value for η0,Mc(T) was not available, we used the following rela-
tionship (Equation (8)) for the calculations, as also carried out by Kim and Han [37]:

η0,Mc(T)

η0,Mw(T)
=

(
Mc(T)
Mw(T)

)3.4

(8)

As suggested in [8,38,39], complete interdiffusion can only be achieved when the
quadratic distance of diffusion is greater than the mean square end-to-end distance (

〈
r2〉 =

2.38 × 10−16 m2). Therefore, the degree of healing (Dh) can be calculated by the following
equation (hereafter “Model 2”):

Dh =
σ

σ∞
=

(〈
l2〉
〈r2〉

)1/4

=

[
n

∑
i=0

2D
(
T∗

i
)
(ti+1 − ti)

〈r2〉

]1/4

(9)

3. Experimentals

3.1. Materials

The 3D-printed specimens used for the welding experiments were made of poly-
ethylene terephthalate glycol-modified (PETG) and continuous carbon-fiber-reinforced
PETG composites (CCFPC). A natural transparent and a black-pigmented PETGs were
chosen for the semi-transparent and the absorbent parts, respectively. The materials were
supplied by Polymaker™ in the form of 1.75 mm round filaments. According to the supplier,
the PETG polymer had a density of 1.25 g·cm−3 and a glass transition temperature of 81 ◦C.
The nozzle temperature was recommended in the range of (230–260 ◦C). The composite
carbon fiber (CCF) filament of 0.35 mm diameter was supplied by Anisoprint™ , which
comprised 60% in volume of carbon fibers pre-impregnated with an epoxy thermosetting
resin to provide good adhesion with the thermoplastic matrix.

3.2. 3D Printing of Continuous Carbon-Fiber-Reinforced Thermoplastic Composites

The CCFPCs were printed using a Composer A4 Desktop 3D Printer from Aniso-
print™ . The printing process was based on the composite fiber co-extrusion technology. In
this printing technology, both the polymer and the CCF filaments are fed from two different
spools to a common printing head (see Figure 3). In this way, the molten polymer wets the
CCF in the nozzle prior to printing. The Aura™ software was used to slice the 3D CAD
models and assign the processing parameters to the G-codes. The 3D CAD models used
to manufacture the welding specimens had a rectangular bar shape of 80 × 20 × 2 mm3.
The nozzle temperature was Tn = 260 ◦C, and the bed temperature was Tb = 75 ◦C. The
printing speed was 10 mm·s−1 and the layer thickness was 0.2 mm for the plastic nozzle
and 0.4 mm for the composite nozzle. The fill density was 100%, and the fiber fill type was
set to line with an angle of 0◦.
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Figure 3. Schematic view of the Anisoprint™ printer used to manufacture the continuous carbon-
fiber-reinforced PETG composites.

3.3. Laser Transmission Welding of Composites

The LTW experiments were conducted using two types of 3D-printed components:
natural PETG-T, which is semi-transparent at the laser wavelength, and CCFPC-A consist-
ing of black-pigmented PETG and CCF, which is absorbent at the same wavelength. The
process setup is illustrated in Figure 4. The laser welding machine (LEISTER NOVOLAS™ )
was equipped with a diode laser transported by an optic fiber. The maximum output
power was 46 W and the laser wavelength was 0.940 μm. The semi-transparent PETG-T
part was placed above the CCFPC-A absorbent part on a workbench and fixed with a
transparent tape. The two components to be welded were located between a transparent
cover and the workbench, which was displaced by a pneumatic actuator. The quartz glass
used as the transparent cover allowed 95% of laser energy transmitted through it at the
laser wavelength. For this application, the used laser power was set at 10 W in the welding
system, and the clamping pressure was 6 bar in the pneumatic system. Two sequences of
scan lines were run at different scanning speeds (i.e., v = 1.36 mm·s−1, v = 2.72 mm·s−1,
and v = 4.08 mm·s−1).

Figure 4. Laser transmission welding of 3D-printed components.
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3.4. Temperature Measurement at the Weld Interface

The monitoring of the thermal evolution occurring at the interface during the LTW
procedure was carried out using 5 k-type thermocouples with a wire diameter of 0.12 mm.
The thermocouples were strategically embedded into designated locations (as specified in
Table 1) within the holes of the absorbent component, with a penetration depth slightly
exceeding the thermocouple junction size from the top surface. Once the thermocouples
were appropriately positioned, the exact locations of the thermocouple junctions were
reassessed. The measurements were conducted with accuracy of 0.01 mm (in Table 1). The
samples were prepared with wide welding in order to create perfect contact. Following
the initial trial, the thermocouples were completely wet in the thermoplastic material.
Subsequently, repeated experiments were conducted on the same sample to measure the
temperature field. The data were recorded using the Datataker DT85M data logger device
(as illustrated in Figure 5). The frame rate for capturing the temperature at the interface
was 120 Hz, and the measurement uncertainty was ±2.5 ◦C.

Figure 5. Illustration of laser transmission welding process and temperature measurement at the
weld interface. TC stands for thermocouple.

Table 1. Coordinate positions of the thermocouples.

Thermocouple
Number

TC1 TC2 TC3 TC4 TC5

x (mm) 10.00 24.00 37.95 52.80 67.00
y (mm) −0.90 0.10 1.10 2.10 3.10

3.5. Rheological Characterization of the Thermoplastic

The rheological properties of PETG were investigated using an Anton Paar Physica
MCR 301 rotational rheometer. The measurements were conducted using a parallel-plate
geometry with a diameter of 35 mm at a 1 mm gap. Nitrogen was employed as a protective
gas to prevent polymer degradation. The rheological measurement specimens were 3D
printed, employing identical parameters to those employed for the production of the PETG-
T parts. Frequency sweep tests were performed to determine the storage modulus G′, the
loss modulus G′′ and the complex viscosity η∗ at different temperatures: 130 ◦C, 150 ◦C,
170 ◦C, 190 ◦C, 210 ◦C and 230 ◦C. With respect to the linear viscoelastic range, the shear
strain applied was 5%. The angular frequency was varied from 0.1 rad·s−1 to 628 rad·s−1.
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4. Results and Discussion

4.1. Temperature Measurement

Figure 6a illustrates the temporal variation in the interface temperature recorded by
five thermocouples following two successive passages of the laser beam. The highest
temperature was recorded by TC2 positioned at the center of the laser spot, while the
temperatures gradually decreased with increasing distance from the central line of the part.
The cooling was instantaneous following the passage of the laser on each thermocouple
via thermal conduction and natural convection. In comparison with our previous research
conducted on thermoplastic PLA [40], the cooling rate was accelerated as a result of the
higher thermal conductivity of the CCFPC compared to the pure thermoplastic PLA.

Figure 6. (a) Experimental interface temperatures measured at five different positions with five
thermocouples. (b) Thermal history at five different positions on a perpendicular line passing
through the thermocouple TC1 using shifted time.

For the LTW process with a constant scanning speed of the laser, except for the two end
sections of the part subjected to boundary effects, the thermal history of all perpendicular
lines to the weld seam was considered to be identical. Accordingly, the temperature
measurement by five thermocouples at different positions along the weld seam could be
used to describe the thermal history occurring on a single line perpendicular to the weld
seam, as shown in Figure 6b. For this purpose, a shift factor was applied to the time, which
corresponded to the duration taken by the laser to travel a distance equal to the spatial gap
between the thermocouple position and the specified line.

The instantaneous temperature profile along a perpendicular line to the weld seam
has been demonstrated to have a Gaussian shape [40,41]. Based on the outcomes presented
above, it is evident that employing a Gaussian-fitted model makes it possible to generate a
temperature profile for every temporal instance (see Figure 7a). Finally, the full thermal
history of the specified line was computationally reconstructed, as shown in Figure 7b.
These temperature data were then used for the calculation of the degree of healing.
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Figure 7. (a) Gaussian−fitted profile for temperature on a line perpendicular to the weld seam at
different moments. (b) Full thermal history of a line perpendicular to the weld seam during the laser
transmission welding process.

4.2. Rheological Characterization

Figure 8a plots the results of the complex viscosity versus the angular frequency,
obtained from dynamic frequency sweep tests at temperatures ranging from 130 ◦C to
230 ◦C. The variation in the viscosity can be well fitted by the Carreau–Yasuda model
(Equation (10)), where the zero-shear viscosity (η0) and the relaxation time (λ) are produced
(as shown in the Table 2)

η = η0
[
1 + (λω)a] n−1

a (10)

where a stands for the width of the transition range between zero-shear viscosity and the
power law regime, and n is the power law exponent. The Carreau–Yasuda regression
parameters giving the best fits to the experimental data are listed in Table 2.

Table 2. Carreau–Yasuda regression parameters.

Temperature (◦C) η0 (Pa.s) λ (s) a n

130 1,043,395 1.2363 0.56 0.09
150 135,215 0.1682 0.60 0.10
170 26,704 0.0481 0.71 0.18
190 8346 0.0207 0.81 0.26
210 3548 0.0131 0.90 0.35
230 1627 0.0117 1.20 0.52

Figure 8. (a) Complex viscosity (circle symbol) versus angular frequency. (b) Time–temperature
superposition master curves of storage modulus G′ (square symbol) and loss modulus G′′ (triangle
symbol) at 170 ◦C for PETG.
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The master curves were constructed by time–temperature superposition (TTS) from
dynamic frequency sweep tests obtained at different temperatures. Figure 8b shows the
master curves of the storage modulus G′ and the loss modulus G′′ as functions of the
angular frequency obtained at the reference temperature of 170 ◦C. The results demonstrate
the linear viscoelastic characteristics of the PETG material. As illustrated in Figure 8b, the
plateau zone of the G′ curve is clearly visible when the frequency is above 104 rad·s−1

within the superposed angular frequency range. The plateau modulus G0
N was determined

as equal to the storage modulus G′ at the angular frequency, where G′′ reaches a minimum
in the plateau zone [42].

The widely accepted Williams–Landel–Ferry (WLF) model was employed to charac-
terize the temperature-dependent behavior of the zero–shear viscosity as in Equation (11):

η0 = D1exp
[−A1(T − Tg))

A2 + (T − Tg)

]
(11)

where D1, A1, A2 are data-fitted parameters. The reptation time (tR) of an amorphous mate-
rial was considered to be equivalent to the relaxation time (λ) [6,28,29], which was derived
from viscosity measurements (see Table 2). It obeys also a WLF law as in Equation (12):

tR(T) = aTtR(Tre f ) with logaT =
−C1(T − Tre f ))

C2 + (T − Tre f )
(12)

where aT is the shift factor, and C1 and C2 are constants. The data-fitted parameters for WLF
models of the zero-shear viscosity (η0) and the reptation time (tR) at Tre f = 170 ◦C are listed
in Table 3. The semilog plot of the experimentally obtained data and the corresponding
WLF fitted curves are given in Figure 9.

Figure 9. (a) Zero-shear viscosity versus temperature for PETG. (b) Reptation time versus temperature
for PETG at Tre f = 170 ◦C.

Table 3. WLF fitted parameters for zero-shear viscosity (η0) and the reptation time (tR).

Parameter D1 (Pa.s) A1 A2 (K) C1 C2 (K)

Value 2.0115 × 108 25.65 171.94 1.7251 89
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4.3. Effects of Temperature on Molecular Interdiffusion at the Interface

In order to investigate the effects of temperature on molecular interdiffusion at the
interface, LTW trials with different scanning speeds were carried out: v = 1.36 mm·s−1,
v = 2.72 mm·s−1, and v = 4.08 mm·s−1. Temperature measurements were performed and
the thermal histories of a line perpendicular to the weld seam were established, as depicted
in Figure 10. In this figure, the glass transition temperature (Tg) is represented by the semi-
transparent red plane. It appears that variations in the scanning speed yield disparities
in the thermal history of the specified line. Decreasing the scanning speed leads to an
enlarged weld zone where the temperature exceeds the glass transition temperature Tg,
as well as an extended duration during which the temperature remains above Tg. These
obtained data serve as essential variables for the calculation of the degree of healing along
the specified line.

Figure 10. Thermal history of a line perpendicular to the weld seam for different scanning speeds of
the laser beam.

Two different non-isothermal models, Equations (3) and (9), respectively, were imple-
mented numerically to predict the degree of healing as a function of time. The calculations
were performed for each node along the perpendicular line. It is important to note that the
healing mechanism exclusively occurs when the interface temperature exceeds the glass
transition temperature Tg. Therefore, for any time increment, if the temperature is below Tg,
molecular interdiffusion will not take place at this node and the degree of healing will not
increase. Once a degree of healing of unity is achieved, the state of full healing is preserved
and remains unaffected by subsequent fluctuations in temperature (see Figure 11). For
Model 1 (Equation (3)), only the reptation time (tR) at given temperatures was needed for
the calculation; it was calculated with the WLF equation (Equation (12) and Figure 9b). For
Model 2 (Equation (9)), all the data for the self-diffusion coefficient calculation of the used
PETG are reported in Table 4. The zero-shear viscosity was calculated using the WLF model
(Equation (11) and Figure 9a). Then, the zero-shear viscosity at the critical molecular weight
and the temperature T (η0,Mc(T)) was computed according to Equation (8). The evolution
of the self-diffusion coefficient (D) and the degree of healing (Dh) versus time, calculated at
the location y = 0.8 mm for the case v = 2.72 mm·s−1, is illustrated in Figure 11.

Table 4. Data for self-diffusion coefficient calculation of PETG.

Parameter G0
N (Pa) ρ (g·m−3)

R
(J·(mol·K)−1)

Mw
(g·mol−1)

〈
r2
〉

(m2)

Value 1,298,300 1.25 × 106 8.314 28,126 2.38 × 10−16
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Figure 11. Evolution of self-diffusion coefficient (D) and degree of healing (Dh) versus time at
y = 0.8 mm for scanning speed v = 2.72 mm·s−1.

Figure 12 plots the calculated results obtained from the two non-isothermal models.
It is obvious that there is a direct correlation between the decreased scanning speed and
the increased width of the weld seam. This finding can be explained by the fact that the
molecular interdiffusion is promoted by the elevated temperature at the interface and the
longer welding duration. As a result, the lower the scanning speed is, the larger the weld
line width is. It is evident that both models exhibit small disparities in their predictions
of the degree of healing (Dh). For the first two cases with higher interface temperatures,
complete healing is achieved at the center of the weld seam, wherein the degree of healing
reaches unity (Dh = 1). Conversely, at the highest scanning speed, both models predict
that complete healing has not yet been achieved within the weld seam.

Figure 12. Computed degree of healing along a line perpendicular to the weld seam using two
different models.

To assess the interdiffusion models, a comparative analysis was conducted between
the predicted and experimental weld line widths. Optical microscopy examination of the
cross-sectional assembled parts was performed to obtain information on the weld line
width (Wwl), as depicted in Figure 13. For the visualization of the weld zone in the optical
microscopy images, the degree of healing (Dh) at the edge of the weld seam should be
relatively consistent. As reported by [24], Dh varies between 0 and 1 at the edge of the weld
seam. For consistency, an average value of Dh = 0.5 was used in this study to predict the
theoretical weld line widths for both numerical models. Figure 14 shows a comparison of
the predicted and measured weld line widths as a function of the laser scanning speed. It
appears that both models are reasonably efficient in predicting the weld line width and that
the discrepancy between them is relatively small (i.e., less than 6%). The average errors
of the two models compared to the experimental data are 13.28% and 7.26%, respectively.
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Generally, Model 2 demonstrates a commendable predictive capability, which results in a
better correlation with the experimental data across all investigated scenarios.

Figure 13. Computed weld line width using optical microscopy images.

Figure 14. Prediction of weld line width as a function of laser scanning speed.

In Figure 13a, the sample was welded with excessively high line energy (i.e., the ratio
of the laser power to the scanning speed); thereby, the interface was overheated, yielding
thermal degradation and pores in the joint, as also reported in Ref. [9]. This experimental
phenomenon could not be predicted with the proposed numerical methods.

5. Conclusions

A novel approach has been proposed for the comprehensive investigation of the effect
of temperature on molecular interdiffusion during the laser transmission welding of 3D-
printed continuous carbon-fiber-reinforced thermoplastic composites. The novelty of the
approach lies in the implementation of an embedded set of thermocouples within the laser-
absorbent component, which permits an accurate temperature measurement at the weld
interface. Using the data obtained from five thermocouples embedded at different positions,
the thermal history of a line perpendicular to the weld seam was reconstructed. Two non-
isothermal molecular interdiffusion models were proposed and employed to predict the
degree of healing across the specified line. The accuracy and reliability of the molecular
interdiffusion models were assessed by comparing the weld line widths predicted by
numerical models with the measurements derived from optical microscopy of the cross-
sectional assembled parts. The results revealed a significant correlation between the thermal
history and molecular interdiffusion at the weld interface. Moreover, the investigation
highlighted the relationship between the welding parameters (i.e., the scanning speed)
and weld line width. Both the proposed numerical models predicted the weld line width
fairly accurately and produced a good correlation with the experimental data across all

51



Materials 2023, 16, 6121

examined cases. The discrepancy between the two numerical modes was less than 6% and
the average errors compared to the experimental data were 13.28% and 7.26%, respectively.

By understanding the mechanisms involved in the laser welding of 3D-printed com-
posites, the findings can be utilized to optimize the welding process, resulting in improved
weld quality and enhanced mechanical properties in the final product.
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Abstract: Continuous ultrasonic welding is a promising technique for joining thermoplastic compos-
ites structures together. The aim of this study was to gain further insight into what causes higher
through-the-thickness heating in continuous ultrasonic welding of thermoplastic composites as
compared to the static process. Thermocouples were used to measure temperature evolutions at the
welding interface and within the adherends. To understand the mechanisms causing the observed
temperature behaviours, the results were compared to temperature measurements from an equivalent
static welding process and to the predictions from a simplified heat transfer model. Despite the
significantly higher temperatures measured at the welding interface for the continuous process,
viscoelastic bulk heat generation and not thermal conduction from the interface was identified as
the main cause of higher through-the-thickness heating in the top adherend. Interestingly the top
adherend seemed to absorb most of the vibrational energy in the continuous process as opposed to
a more balanced energy share between the top and bottom adherend in the static process. Finally,
the higher temperatures at the welding interface in continuous ultrasonic welding were attributed
to pre-heating of the energy director due to the vibrations being transmitted downstream of the
sonotrode, to reduced squeeze-flow of energy director due to the larger adherend size, and to heat
flux originating downstream as the welding process continues.

Keywords: fusion bonding; heat transfer; high-frequency welding; joining; CF/PPS; energy director

1. Introduction

Because of their high specific mechanical properties, fibre-reinforced polymer compos-
ite materials are interesting for industries in which weight is of utmost importance, such as
the aerospace industry. The polymers used as matrices in these composite materials are
typically thermoset or thermoplastic. Thermoplastics, in contrast to thermosets, do not
form a cross-linked network and they rely on the entanglement of linear polymer chains to
form a solid structure. These thermoplastic polymer chains become mobile when heated
sufficiently above the melting temperature for semi-crystalline polymers or above the
glass transition temperature for amorphous polymers. This allows the use of cost-effective
manufacturing and joining processes such as press forming and welding for thermoplastic
composite parts and structures.

Welding has significant advantages over the more traditional joining methods me-
chanical fastening and adhesive bonding. For mechanical fastening drilling of holes results
in breakage of fibres, and adhesive bonding requires intensive surface treatments and
long curing cycles [1]. The most promising welding techniques for thermoplastic com-
posite structures are resistance welding, induction welding, and ultrasonic welding [1–3].
The maturity levels of resistance and induction welding are the highest. Consequently,
mainly these two technologies are currently being used in the aerospace industry, e.g., the
rudder and elevator of the Gulfstream G650 [4] are assembled with induction welding,
and the ribs and skin in the fixed leading edge of the A340 and A380 are joined using
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resistance welding [5]. Many recent studies have been published on process modelling
and on experimental investigations to better understand the induction, resistance and
ultrasonic welding processes [6–15], which illustrates the current relevance. Among the
three mentioned welding techniques, ultrasonic welding is typically the fastest and low-
est energy-consuming joining technique for thermoplastic composites [2]. During the
ultrasonic welding process, a static force and high frequency/low amplitude mechanical
vibrations are applied to the parts to be welded by means of a sonotrode (vibration phase
of the process). Subsequently, the welded joint is allowed to cool down under pressure
(consolidation phase). The mechanical vibrations promote the generation of heat through
surface and viscoelastic friction [16–18]. Heat generation is focused at the weld interface
by means of an energy director (ED) placed in between the adherends [17,19]. This ED
consists of either one or more resin protrusions moulded on the surface of one of the ad-
herends [20–22] or a loose resin-rich layer such as a film (also referred to as flat ED) [19,23]
or a woven mesh [14,24] made from the same polymer material as that in the adherends.
Due to the lower compressive stiffness of the ED compared to that of the fibre reinforced
adherends, the ED undergoes higher cyclic strains and it therefore generates more heat
than the adherends [22,25].

Ultrasonic welding of thermoplastic composites can be performed in either a static or
a continuous fashion. Static ultrasonic welding, e.g., spot welding (Figure 1a) is defined
as follows: a relatively small area is welded while both the welder and the adherends
remain stationary during the vibration and consolidation phase. During the consolidation
phase, the sonotrode itself applies a consolidation pressure. Sequential application of
this static process allows obtaining multi-spot welded joints that can match load carrying
capabilities of mechanically fastened joints [26,27]. The continuous ultrasonic welding
process (Figure 1b) is defined as follows: a relatively large area is welded by continuously
translating the welder with respect to the adherends or vice versa while exerting the
ultrasonic vibrations and welding pressure [14,24]. Since the sonotrode continuously
moves away from the just welded area, an additional consolidation shoe (consolidator)
needs to be placed behind the sonotrode to allow the weld to cool down under pressure [15].
The continuous process has some benefits over the static process, i.e., a higher load can be
transferred, and the joint is air and liquid tight, its maturity level is however lower. One
of the main lessons learned so far in the development of continuous ultrasonic welding
of thermoplastic composites is that the compliance of the energy director plays a more
prominent role in ensuring weld uniformity than in the static process [24]. Likewise, heating
and melting of the energy director extend beyond the footprint of the sonotrode in the
continuous welding process and the temperatures at the welding interface are overall higher
[14]. Finally, higher through-the-thickness or bulk heating occurs in continuous ultrasonic
welding, especially in the adherend in direct contact with the sonotrode. As shown in
Figure 2 [15], this leads to significant fibre and resin squeeze out, as well as accompanying
porosity, upon application of the consolidation pressure.

(a) (b)

Figure 1. Schematics of static (a) and continuous (b) ultrasonic welding processes for thermoplastic
composites.
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(a) (b)

Figure 2. Cross-sectional micrographs of a (a) continuous (adapted from [15]) and a (b) static ultrasonic weld. Welding
force 500 N, vibration amplitude 80 μm, welding speed 35 mm/s (a), equivalent vibration time 430 ms (b) [14]. The same
clamping jig and clamping configuration is used in both cases. The red circles indicate squeeze out of fibres and/or resin.

Excessive resin and fibre squeeze out are undesirable since they may compromise the
structural integrity of the adherends and, hence, of the welded assembly. Consequently,
the focus of the present study is gaining a better insight into what causes higher through-
the-thickness heating in continuous ultrasonic welding of thermoplastic composites as
compared to the static process. In addition, this leads to a better insight into the process and
heating mechanisms and thus to high-quality welds. To this end, thermocouples were used
to measure the temperature evolution within the adherends and at the weld interface for
different welding configurations and combinations of welding parameters. The results were
compared to temperature measurements from an equivalent static welding process and to
the predictions from a simplified numerical heat transfer model. To further understand the
through-the-thickness heating, the total energy input was also reduced by either increasing
the welding speed or decreasing the vibration amplitude. Additionally, to understand
heating ahead of the sonotrode a damping unit was introduced to dampen vibrations
travelling downstream. Finally, the effect of the adherend size, i.e., large adherends for
the continuous process versus small coupon sized adherends for the static process, on the
temperature evolution was studied by means of static welds on different sized adherends.

2. Experimental Procedures

2.1. Materials

The thermoplastic composite laminates used for the welding experiments in this
study were made out of carbon fibre fabric (five harness satin weave) impregnated with
polyphenylene sulphide powder, CF/PPS semipreg (CF 0286 127 Tef4 43% from Toray
Advanced Composites, Nijverdal, The Netherlands). The laminates were stacked according
to a [0/90]3s sequence and subjected to a consolidation process in a hot platen press for
20 min at 320 ◦C and 1 MPa pressure, which, based on previous experience, results in void-
free laminates. The consolidated laminates had a size of 580 mm by 580 mm and a thickness
of approximately 1.85 mm. Different size adherends measuring 220 mm × 101.6 mm and
15 mm × 101.6 mm were cut from the consolidated laminates using a water jet cutter. For
both adherend sizes, the main apparent fibre orientation was in the 101.6 mm direction.
A 0.20 mm thick woven PPS mesh energy director with 37% open area (PPS100, supplied
by PVF GmbH, Markt Schwaben, Germany) was used in all experiments to focus heat
generation at the welding interface [14,24].

2.2. Continuous Ultrasonic Welding

The custom-built ultrasonic welding machine shown in Figure 3a was used for the
continuous ultrasonic welding experiments. It consists of a stiff frame with an X-Y table
on a guiding system, an off-the-shelf ultrasonic welder (VE20 SLIMLINE DIALOG 6200,
Herrmann Ultrasonics, Karlsbad, Germany), and a custom-built consolidation unit. The
welder vibrates at a fixed frequency of 20 kHz. Both the welder and consolidation unit
are connected to the stiff frame. A rectangular sonotrode with a 15 mm × 27 mm contact
area and a maximum peak-to-peak operational amplitude of 80 μm was used in the
welding setup. The consolidation unit consisted of a 1.5 kN servo press kit (YJKP, Festo,
Delft, The Netherlands), a stabilization guide unit to avoid sideways deflections, and a
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40 mm × 30 mm copper block (Figure 3b). The consolidation force could be adjusted
to a maximum of 1500 N. The distance between the consolidator and the sonotrode was
set to 86.4 mm, based on the results of our previous study [15]. During the welding
process, the adherends were translated with respect to the sonotrode generally following
the welding direction I (Figure 3b), while the sonotrode continuously exerted the static
welding force and vibrations, and the consolidator applied pressure. For some experiments,
the consolidation unit was used as a damping unit for which it was placed 18.4 mm ahead
of the sonotrode (Figure 3b) and welding took place in the opposite direction (II). An
aluminium base with bar clamps was used to clamp the adherends during the welding
process (Figure 3b). Figure 3c shows the positioning of the bar clamps and of the sonotrode
relative to the overlap. Note that this configuration, which we found to provide a more
uniform temperature distribution across the overlap [15], differs slightly from the one used
in [14]. The different sets of welding parameters used in this study are shown in Table 1.

(a) (b)

(c)

Figure 3. (a) Custom-built welding machine for static and continuous ultrasonic welding, (b) close-up of the continuous
welding set-up visualising relative sonotrode and consolidator placement, and (c) schematic side-view of clamping distance
and sonotrode placement.

2.3. Static Ultrasonic Welding

The same experimental setup as described in the previous subsection (Figure 3)
was used for the static welding process. In this case, however, the adherends remained
stationary and the consolidation unit was not used. The welding parameters used in
the static process are shown in Table 1. The welder was set to vibrate for 430 ms, after
which the vibrations stopped (end of vibrations), and the consolidation phase was initiated.
As mentioned in the introduction, in the static process the sonotrode also provides the
consolidation pressure during the consolidation phase. Note that the vibration time used
for the static process, 430 ms, is equivalent to 35 mm/s welding speed in a continuous
welding process with a 15 mm wide sonotrode. Static welds on the 15 mm wide adherends
covered the entire overlap, whereas, in the case of 220 mm wide adherends, a single 15 mm
wide static weld was created in the middle of the 220 mm wide overlap. During the static
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welding process, the vertical position of the sonotrode was monitored at a 1 kHz sampling
frequency.

Table 1. Overview of Continuous (CUW) and Static (SUW) Ultrasonic Welding Experiments (Note: the amplitude (amp)
values are peak-to-peak).

Process
Welding Parameters
(Speed/Time, Force, Amp)

Consolidation
Parameters

Number
of Welds

Adherend Size
(mm)

Config
(Figure 4)

Remarks

CUW

35 mm/s, 500 N, 80 μm 800 N (1.6 MPa) 1 220 × 101.6 B Setup with consolidation unit
(Figure 3b). Reference case.

35 mm/s, 500 N, 80 μm 800 N (1.6 MPa) 1 220 × 101.6 C Setup with consolidation unit
(Figure 3b).

35 mm/s, 500 N, 80 μm 800 N (1.6 MPa) 3 220 × 101.6 D Setup with consolidation unit
(Figure 3b).

35 mm/s, 500 N, 80 μm 800 N (1.6 MPa) 1 220 × 101.6 B Setup with consolidation unit as
damping unit (Figure 3b).

65 mm/s, 500 N, 80 μm 800 N (1.6 MPa) 1 220 × 101.6 B Setup with consolidation unit
(Figure 3b). Higher speed case.

35 mm/s, 500 N, 70 μm 800 N (1.6 MPa) 1 220 × 101.6 B Setup with consolidation unit
(Figure 3b). Lower amp case.

SUW

430 ms, 500 N, 80 μm 300 N (1.6 MPa) for 4 s 6 15 × 101.6 E -

430 ms, 500 N, 80 μm 300 N (1.6 MPa) for 4 s 3 15 × 101.6 F -

430 ms, 500 N, 80 μm 300 N (1.6 MPa) for 4 s 2 220 × 101.6 A Static weld at TC location

2.4. Temperature Measurements

Temperatures were measured at the welding overlap and within the adherends using
K-type thermocouples (GG220-2K-0, product number 2-2200-0004, Tempco B.V., Bode-
graven, the Netherlands). The sleeved thermocouples had a total diameter of 0.70 mm,
while the diameter of the thermocouple wires was 0.10 mm. An analogue thermocou-
ple output amplifier (Adafruit AD8495) was used to simultaneously sample temperature
readings at 1 kHz from a maximum of five thermocouples. A moving average filter
(10 points for the static process and 25 or 60 points for the continuous process) was applied
in MATLAB to filter out high-frequency fluctuations from the temperature data. For the
temperature measurements at the weld interface, the thermocouples were placed in the
middle of the overlap, sandwiched between the bottom adherend and the energy direc-
tor. For the measurements within the adherends, the thermocouples were inserted into
0.7 mm diameter holes drilled up to a depth of approximately 7 mm. The placement and
depth of each hole ensured that the tip of the thermocouple was located approximately in
the middle of the overlap width (directly above or below the thermocouple at the weld
interface) and approximately midway through the thickness of the adherend. Note that the
diameter of the hole and of the sleeved thermocouple were the same to ensure a press fit.
To measure the temperature at the weld interface and through the thickness in the top or
bottom adherends, different thermocouple configurations shown in Figure 4 were used for
the static (configurations A, E, and F) and continuous welding process (configurations B,
C and D). Table 1 shows which of these thermocouple configurations were used in the
different experiments.
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(a) Configuration A

(b) Configuration B

(c) Configuration C

(d) Configuration D

(e) Configuration E (f) Configuration F

Figure 4. Schematic side and top view of the temperature measurement configurations used in this
study on 220 mm wide and 15 mm wide adherends.
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2.5. Testing and Analysis Techniques

Whenever necessary, the continuously welded adherends were cut into six 25.4 mm
wide single lap shear samples with a diamond saw of which five were used for mechanical
testing. The remaining sample was used for cross-sectional microscopy. The 28.8 mm
wide edges at the start and at the end of the continuous welds were discarded. The
single-lap shear samples were mechanically tested with a Zwick/Roell 250 kN (Kennesaw,
GA, USA) universal testing machine with a cross-head speed of 1.3 mm/min. The grips
were given the necessary offset to minimize secondary bending. The apparent lap shear
strength (LSS) was calculated by dividing the maximum load by the overlap area. After
mechanical testing, a non-contact roughness measurement/profiler system (Keyence VR-
5000, Mechelen, Belgium) was used for the analysis of fracture surfaces. To obtain cross-
sectional views from the welded adherends, specimens were cut and embedded in epoxy
resin. They were ground and polished with a Struers Tegramin-20 polisher (Ballerup,
Denmark). A 3D laser scanning confocal microscope (Keyence VK-X1000, Mechelen,
Belgium) was used for inspecting the cross-sections.

2.6. Heat Transfer Model

A 2D transient heat transfer model representing the static welding process was created
in COMSOL Multiphysics 5.5 (Burlington, MA, USA) to estimate the temperature increase
in the adherends resulting from only heat conduction from the weld interface in both the
static and the continuous process. Since the energy director is very thin compared to the
adherends, it was not included in the model. The heat transfer model is based on the
following heat transfer equation:

ρCp
∂T
∂t

= k∇2T (1)

in which T is temperature, t is time, and ρ, Cp, and k are the density, thermal capacity, and
thermal conductivity of CF/PPS, respectively.

Figure 5 shows the geometry and boundary conditions and Table 2 lists the material
properties used in the model as per Equation (1). The outer boundaries were thermally
insulated and the initial temperature of the sonotrode and base was 20 ◦C. The experimental
temperature data obtained from measurements at the welding interface was applied as an
input to the entire welding interface in the model. The resulting temperature evolution
predicted by the model was evaluated midway through the thickness of the top and of the
bottom adherends. It should be noted that due to the conservative nature of the boundary
conditions (i.e., no heat dissipation to the environment) as well as the room-temperature
material properties used for the CF/PPS material, the model most likely overestimates
the heat transferred from the weld interface to the adherends and hence higher overall
temperatures when used for the static process. Nevertheless, by comparing the temperature
evolution provided by the model and the experimental value, the simplified model is
still a valuable tool to discern whether the cause of through-the-thickness heating in the
adherends is heat transfer or there are other sources. When used for the continuous
process, however, the following simplifications in the model: (i) the sonotrode is in contact
with the top adherend during the entire cooling phase, and (ii) there is no heat flux from
downstream and upstream of the sonotrode into the studied area, can be expected to
somewhat offset this overestimation. It should be noted that the model is not suitable for
accurately predicting the actual temperature values, since that would require a 3D model
with temperature-dependent material properties and in case of the continuous process a
more complicated dynamic model with a moving welder head.
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Figure 5. Schematic model with boundary conditions for heat transfer model of static welding setup.

Table 2. Material Properties used for Model.

CF/PPS Adherends

Property Value Remarks

Density (ρ) 1540 kg/m3 Calculated based on weight
measurements

Heat capacity (Cp) 681 J/(kg·◦C) Value taken at 20 ◦C [28]

Thermal conductivity (k) 0.34 W/(m·◦C) Value taken at 20 ◦C [28]

Aluminum Base

Property Value Remarks

Density (ρ) 2665 kg/m3 From COMSOL material library of aluminum 5083

Heat capacity (Cp) 955 J/(kg·◦C) From COMSOL material library of aluminum 5083
Value shown at 20 ◦C

Thermal conductivity (k) 120 W/(m·◦C) From COMSOL material library of aluminum 5083
Value shown at 20 ◦C

Steel Sonotrode

Property Value Remarks

Density (ρ) 7860 kg/m3 From COMSOL material library of steel 1040

Heat capacity (Cp) 480 J/(kg·◦C) From COMSOL material library of steel 1040
Value shown at 20 ◦C

Thermal conductivity (k) 52 W/(m·◦C) From COMSOL material library of steel 1040
Value shown at 20 ◦C

3. Results

The temperature evolution at the weld interface for the continuous process is shown
in Figure 6 for the reference case, higher welding speed case, lower amplitude case, and
consolidator as damping case (Figure 6a, 6b, 6c and 6d, respectively). Figure 7 shows
temperature and vertical sonotrode displacement curves for static welds on (a) 15 mm wide
and (b) 220 mm wide adherends. Figures 8 and 9 show the temperature evolution at the
weld interface and through the thickness for the (a) top and (b) bottom adherends in the
continuous and static process, respectively. It should be noted that some thermocouples
malfunctioned during the continuous process (Figure 4c,d): TC2 for all welds and multiple
thermocouples in one weld for configuration D (Table 1). Therefore, these results have been
omitted. The measurements within the top adherend (Figure 8a) might be less trustworthy
as severe overheating was observed of this adherend at the thermocouple locations and
thermocouples TC3 and TC4 partially malfunctioned (as seen by the temperature spikes
in Figure 8a). Figure 10 shows the modelled temperature prediction due to heat transfer
to the middle of the adherends for the static welding setup (indicated in Figure 5) based
on the experimental temperature input at the weld interface from (a) the continuous
and (b) the static welding process. It should be noted that for the top adherend in the
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continuous process no experimental value is shown because, as mentioned before, the
top adherend was severely overheated at the thermocouple locations making the results
less trustworthy. Figure 11 shows cross-sectional micrographs from continuous ultrasonic
welds for (a) the higher speed case and (b) the lower amplitude case. Note that for the
reference case the cross-section is shown in Figure 2a. Representative fracture surfaces
from the reference, higher speed, and lower amplitude cases are shown in Figure 12a, 12b,
and 12c, respectively. The single-lap shear strength values for the continuous and static
welds are shown in Table 3.

(a) (b)

(c) (d)

Figure 6. Temperature evolution for the continuous welding process at the weld interface for:
(a) reference case, (b) higher welding speed case (65 mm/s), (c) lower amplitude case (70 μm), and
(d) damping case. TC1 to TC5 were respectively located under the sonotrode during the five grey
areas. The red dashed line indicates the melting temperature of PPS (Tm, 280 ◦C) as experimentally
determined by DSC analysis.

(a)

Figure 7. Cont.
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(b)

Figure 7. Interface temperature (black curves) and measured downward vertical displacement (grey
curves) of the sonotrode for static welds on (a) 15 mm wide and (b) 220 mm wide adherends. It
should be noted that one of the two welds in (b) was made 40 mm to the left from the intended
location in Figure 4a. The red dashed line indicates the melting temperature of PPS (Tm, 280 ◦C) as
experimentally determined by DSC analysis.

(a)

(b)

Figure 8. Temperature evolution for the continuous welding process at the weld interface and
through the thickness for (a) the top adherend and (b) the bottom adherend. The grey areas indicate
the time span during which a specific thermocouple was located under the sonotrode. The red
dashed line indicates the melting temperature of PPS (Tm, 280 ◦C) as experimentally determined by
DSC analysis.
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(a) (b)

Figure 9. Temperature evolution for the static welding process at the weld interface (blue curves)
and through the thickness (black curves) for (a) the top adherend and (b) the bottom adherend. The
temperature evolution at the weld interface in (a) is the same as Figure 7a. The red dashed line
indicates the melting temperature of PPS (Tm, 280 ◦C) as experimentally determined by DSC analysis.

(a)

(b)

Figure 10. Modelled through-the-thickness temperature evolution due to heat transfer (HT) as a
result from experimental (exp) temperature input at the weld interface for (a) the continuous and
(b) static temperature evolution together with a representative experimental temperature evolution
as a reference. The grey area (a) and the vertical line (b) indicate the time span during which the
thermocouples were located under the sonotrode. Note that in (a) no experimental temperature
evolution for the top adherend is shown as it was deemed less trustworthy due to severe overheating.

(a) (b)

Figure 11. Representative cross-sectional micrographs of continuous ultrasonic welds for (a) higher speed case (65 mm/s),
and (b) lower amplitude case (70 μm). Red circles indicate squeeze-out location.
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(a) (b)

(c)

Figure 12. Representative fracture surfaces from continuous welds for (a) the reference case, (b) higher
welding speed case (65 mm/s), and (c) the lower amplitude case. Red arrows indicate voids, white ar-
row indicates unwelded area together with voids, and black arrow indicates area without connection
between top and bottom adherends.

Table 3. Average Lap Shear Strength (LSS) Values with Standard Deviation for Different Continuous and Static Welds.

Process
Parameters
(Speed/Time, Force, Amplitude)

LSS (MPa) Remarks

CUW 35 mm/s, 500 N, 80 μm 39.6 ± 2.3 (n = 5) Reference case. Samples tested from configuration B
with consolidation unit (Figure 3b).

CUW 35 mm/s, 500 N, 70 μm 37.2 ± 2.5 (n = 5) Lower amplitude case. Samples tested from configuration B
with consolidation unit (Figure 3b).

CUW 65 mm/s, 500 N, 80 μm 25.0 ± 3.9 (n = 5) Higher speed case. Samples tested from configuration B
with consolidation unit (Figure 3b).

SUW 440 ms, 500 N, 80 μm 34.3 ± 1.2 (n = 4) Value taken from [14].

4. Discussion

The aim of this study was gaining further insight into what causes higher through-the-
thickness heating in continuous than in static ultrasonic welding. Through-the-thickness
heating combined with the application of the welding/consolidation pressure may cause
matrix and fibre squeeze flow as well as porosity in the adherends [15] and hence may
affect their structural integrity. Firstly, the heating mechanisms responsible for through-the-
thickness heating were investigated by comparing temperature measurements from the
static and continuous process to heat transfer model predictions. Secondly, it was studied
what causes the temperature differences between the static and continuous process. Finally,
the quality of the welds was discussed in view of the temperature evolution.

A plausible cause of higher through-the-thickness heating is the higher overall tem-
peratures at the welding interface (Figure 13) resulting in increased thermal conduction to
the adherends. The predictions of the heat transfer model (Figure 10) show indeed that the
higher interface temperatures in the continuous process do result in higher temperature in-
crease caused by conduction in the middle of the adherends. However, there are notorious
differences between measured and predicted temperature evolutions for the adherends
in the static process (Figure 10b) and presumably for the top adherend in the continuous
process (Figures 8a and 10a). These differences indicate the existence of an extra heating
mechanism responsible for the steep temperature increase of the adherends during the
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heating phase of the welding process (Figures 8a and 9) in addition to the relatively gentle
temperature increase caused by thermal conduction observed in the model predictions
(Figure 10), which peaks during the cooling phase. This extra mechanism is bulk viscoelas-
tic heating and its prevalent role in the temperature evolution in the adherends is not
surprising since, once compressed, the energy director is very thin (≈0.10 mm) and hence
it has a low compliance [24] and low ability to concentrate viscoelastic heat generation at
the interface only [23].

Figure 13. Combined interface temperature evolutions of continuous (reference case) (Figure 6a) and
static (Figure 9a) processes superimposed for time that thermocouple experiences vibrations directly
under sonotrode. The red dashed line indicates the melting temperature of PPS as experimentally
determined by DSC analysis.

Contrarily, temperature measurements in the bottom adherend during the continuous
process (Figure 8b) show trends that are closer to what one could expect from thermal
conduction from the interface (Figure 10a). This observation, together with the overheating
observed at the locations of the thermocouples within the top adherend (Figure 8a), prompts
us to think that in the continuous process the top adherend absorbs significantly more
vibration energy than the bottom adherend. This is contrary to a more balanced energy
distribution in the static process (Figure 9). This is consistent with the top adherend
experiencing more severe heating than the bottom adherend and than any of the adherends
in the static process under equivalent process parameters (Figure 2). Reducing the total
vibration energy associated with the process, by either increasing the welding speed or
decreasing the vibration amplitude, has indeed a substantial effect on reducing through-the-
thickness heating and the corresponding matrix and fibre squeeze flow in the top adherend
(Figure 11) supporting our hypothesis. The cause of the uneven distribution of vibration
energy between the top and bottom adherend in the continuous process is yet unknown.
We believe that the translation of the vibrating sonotrode on the surface of the top adherend
might cause an extra component of cyclic strains parallel to the welding interface resulting
in a superposition of viscoelastic heating sources in that adherend. Further research should
however be performed to test this hypothesis.

Additionally, given the importance of the temperature evolution at the welding in-
terface in the quality of the welded joints, it is important to understand what causes the
temperature differences between the continuous and the static process (Figure 13) and their
relevance in the outcome of the welding process. It should be noted that the temperature
differences between the two processes shown in Figure 13 are much higher than those
reported in our previous work [14]. We believe such seeming inconsistency stems from
the different clamping schemes in both studies; in particular differences in the clamping
distance, which is known to affect the cycling strains and, hence, heat generation in the
energy director [29].

Firstly, the pre-heating experienced by the energy director, which is consistent with pre-
vious observation of thermal effects in the energy director downstream of the sonotrode [14],
is believed to result from the ultrasonic vibration being transmitted downstream of the
sonotrode. Far from the sonotrode, surface friction between thermocouples, energy director
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and adherends most likely causes the temperature to almost instantaneously increase to
around 100 ◦C at the onset of the welding process. Once the sonotrode is close enough
for the stiff adherends to exert sufficient pressure and, hence, sufficient cyclic strain in the
energy director, viscoelastic heating accounts for a faster temperature increase. Indeed,
damping of the vibrations beyond the sonotrode effectively minimizes pre-heating far from
the sonotrode (Figure 14). It does not, however, remove pre-heating as the sonotrode gets
closer to the measuring location owing to limitations in the experimental setup (i.e., the
minimum practical distance between the damping unit and the sonotrode).

Figure 14. Combined interface temperature evolutions of the continuous ultrasonic welding process
for reference case (Figure 6a) and damping case with the consolidator as damping unit (Figure 6d
without TC4) superimposed for time that thermocouple experiences vibrations directly under
sonotrode (grey area). The red dashed line indicates the melting temperature of PPS as experi-
mentally determined by DSC analysis.

Secondly, the temperature at the interface experiences a continuous increase during
the time the sonotrode is moving above a certain location which results in higher maximum
temperatures as compared to the static process (Figure 13). Based on the results of the
static welds on the same adherend size used for the continuous process (Figure 7), this
continuous temperature increase can be attributed to the limitations imposed by the
adherends to the squeeze flow of the energy director (as seen in a lower total displacement)
and, consequently, limitations to the associated cooling effect (as seen in the continuous
temperature increase) [23].

Thirdly, longer times needed to cool down the interface below Tm are associated with
the heat flux originated downstream as the welding process progresses, as indicated by the
consistently faster cooling measured by the last thermocouple (TC5) in the weld line (i.e.,
the one with the lowest influence by downstream heating, Figures 13 and 14). It is worth
noticing that before this effect becomes relevant (i.e., beyond divergence point between
thermocouple measurements in Figures 13 and 14), there is an initial faster cooling stage
most likely influenced by the temperature in the composite layers in close proximity to the
interface. In fact, the process that results in the lowest matrix and fibre squeeze out from
the top adherend, i.e., higher speed case, is the one showing a significantly higher cooling
rate in that initial stage (Figure 15a).

Finally, regarding the quality of the welds, it is interesting to note that in those cases
in which the strength of continuously welded joints is comparable (or higher) to that of
the static welds (i.e., reference and lower amplitude case, see Table 3), the average area
delimited by the temperature curves and the melting temperature of PPS (presumably
related to the actual thermal energy invested in the creation of the welded joints) is much
higher than that in the static process (Figures 13 and 15b). Interestingly, in the case in
which both areas are closer to each other (i.e., higher speed case, Figure 15a) the strength
of continuous joints is significantly lower in accordance with the presence of unwelded
areas on the fracture surfaces (Figure 12b). These observations, which indicate that in the
continuous process the thermal energy input required to create a weld is higher than in
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the static process, relate to the lower temperature in the bottom adherend (as discussed
previously) hindering the creation of the welded joint.

(a)

(b)

Figure 15. Combined interface temperature evolutions of the reference case (Figure 6a) of the
continuous process, the static process (Figure 9a), and the temperature evolutions for (a) the higher
welding speed case (65 mm/s) (Figure 6b), and (b) the lower amplitude case (70 μm) (Figure 6c). The
temperature evolutions were superimposed at the moment they were under the sonotrode for the first
time. The red dashed line indicates the melting temperature of PPS as experimentally determined by
DSC analysis.

5. Conclusions

The aim of this study was to gain further insight into what causes higher through-
the-thickness heating in continuous ultrasonic welding of thermoplastic composites as
compared to the static process. In the continuous process, temperatures at the welding
interface were indeed found to be significantly higher than in the static process. This was
attributed to a combination of pre-heating of the energy director due to the vibrations being
transmitted downstream of the sonotrode, reduced squeeze-flow of the energy director due
to the larger adherend size, and heat flux originating downstream as the welding process
continues. Thermal conduction from the hotter interface was however found to not be the
main cause of higher through-the-thickness heating in the top adherend, which was in turn
attributed to viscoelastic bulk heat generation. The top adherend seemed to indeed absorb
most of the vibrational energy in the continuous process as opposed to a more balanced
energy share between the top and bottom adherend in the static process. On the contrary,
the bottom adherend showed a temperature evolution similar to what could be expected
from predominant thermal conduction from the welding interface. Consequently, reducing
the total vibration energy introduced in the material in the continuous welding process
proved to have a substantial effect on reducing through-the-thickness heating.
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Abstract: Ultrasonic welding is a fast and promising joining technique for thermoplastic composite
parts. Understanding how changing the part thickness affects the process is crucial to its future
upscaling and industrialization. This article presents an initial insight into the effect of the adherend’s
thickness on the near-field ultrasonic welding of CF/LMPAEK thermoplastic composites. Different
thicknesses of the top and bottom adherend were welded and analyzed using the output data of
the welding equipment, temperature measurements, and other visual characterization techniques.
Increasing the thickness of both the top and the bottom adherends showed to increase the power
consumed during welding. An overshoot in the power needed at the onset of the welding process
for increased thickness of the top adherend precluded welding beyond a threshold thickness of
4.72 mm. In the case of the thicker top adherends, there was also melting of the energy director and
early fiber squeeze-out within the top adherend as a result of increased bulk heating. Increased bulk
heating was hypothesized to be caused by increased hammering, as indicated by the amplitude
readings for thicker adherends. Welding with a higher force, which is known to reduce hammering,
corroborated this hypothesis as fiber squeeze-out within the top adherend was not observed. It is
believed that hammering contributes to heating by causing an oscillatory impact excitation that is
close to the natural frequencies of the system, which would result in amplification of the cyclic strain
and subsequent increase in the viscoelastic heating in the adherend.

Keywords: fusion bonding; ultrasonic welding; thermoplastic composites; adherend thickness;
hammering effect

1. Introduction

Ultrasonic welding is a very interesting welding technique for thermoplastic com-
posite assemblies mainly due to its ultra-fast heating rates and its ease of automation.
Ultrasonic welding of thermoplastic composites is based on the application of high-
frequency, typically 20 kHz, and low-amplitude mechanical vibrations perpendicular to
the welding interface [1–3]. A sonotrode connected to a piezoelectric converter through
a booster and to a press is used to transmit the vibrations into the material as well
as to apply a certain static welding pressure throughout the welding process. Heat
is generated through a combination of surface and viscoelastic friction. An energy
director, in the form of resin-rich protrusions, a simple resin film, or a discontinuous
resin film [4], is placed at the welding interface to ensure preferential heat generation
at that location. As the vibrations are introduced in the welding stack (i.e., adherends
and energy director), the energy director heats up, melts, and is (partially) squeezed
out. Figure 1 shows such a succession of events for a discontinuous energy director. As
a result, wetting of the adherends by the energy director occurs, which is a necessary
condition for molecular inter-diffusion to ensue. As the final step, also known as the
consolidation stage, the vibrations are stopped, and the weld is allowed to cool down
under pressure. Ultrasonic welding is by nature a spot welding technique which, when
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applied sequentially, allows to create multi-spot welded overlaps [5,6]. When introduc-
ing a continuous relative movement between the welding and the parts to be joined (i.e.,
adherends), continuous ultrasonically welded overlaps can also be obtained [4,7,8].

Figure 1. Cross-section micrographs showing the different steps a discontinuous energy director goes
through under the ultrasonic vibrations, i.e., heating and further compaction followed by melting and
squeeze-out (left). The same events can be identified in the downward displacement of the sonotrode
(right). Adapted from [4].

In the last decade, there has been a renewed interest in the ultrasonic welding
process, as indicated by the publication of numerous scientific articles on different
aspects such as the impact of the morphology of the energy director [9,10], of the
process parameters [11,12], and even of misaligned adherends [13,14] in the welding
process. Interestingly, most of the research results reported in the open literature
about ultrasonic welding of thermoplastic composites do not consider the thickness
of the adherends as a variable. However, knowledge of the effect of the adherend
thickness on the process and, especially, on its limits is of utmost importance for the
selection of future applications for this welding technology. In the current state of the
art, the thickness of the adherends is typically around 2 mm. In a previous paper by
Fernandez Villegas on ultrasonic welding of carbon-fiber-reinforced polyetherimide
composites [12], the author, however, doubled the thickness of the adherends (from
1.92 to 3.84 mm) as a side study to check the validity of some of the results obtained
with 1.96 mm thick adherends concerning the use of the downward displacement of the
sonotrode to control the weld quality. The results showed that the displacement value
resulting in high-quality welds was the same in both cases; however, the overall power
and energy consumed in the process were higher in the case of the thicker adherends.

Contrarily, the topic of adherend thickness, or, more precisely, the distance between the
tip of the sonotrode and the welding interface (L), has been discussed in greater measure in
relation to ultrasonic welding of unreinforced thermoplastics. Based on that, two “types” of
welding processes, near-field and far-field welding, have been defined based on whether L
is lower or higher than a certain threshold value, respectively. Said threshold is considered
to be 6 mm for usual thermoplastics, with wavelengths (λ) between 60 and 130 mm at
20 kHz [15,16]. During near-field welding, the amplitude of the vibrations reaching the
welding interface can be considered similar to the amplitude of the vibrations exerted
by the sonotrode. Contrarily, in far-field welding, the amplitude of the vibrations at the
welding interface depends on wave propagation through the material, which is affected by
the ratio between L and λ as well as by wave attenuation [1,17]. Consequently, far-field
welding introduces additional requirements for the welding process to be successful (i.e.,
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to produce similar results to near-field welding). This is especially the case when it comes
to far-field welding of semi-crystalline plastics, which have higher energy requirements
than amorphous plastics to be welded [1,17]. In particular, successful far-field welding of
semi-crystalline thermoplastics requires the top adherend to be designed so that L is an
integer multiple of 0.5λ. This ensures a displacement antinode and, hence, maximum heat
generation at the energy director rather than at the interface between the sonotrode and the
top adherend [1,17]. Given the typical λ values mentioned above (between 60 and 130 mm),
this size requirement can be practical in, for instance, butt-welding of cylindrical hollow
parts [17] but not so practical in, for instance, overlap-welding of thermoplastic composite
laminates (assuming similar wavelengths in reinforced thermoplastics).

This paper aims to provide initial insight into the effect of the adherend thickness on
near-field ultrasonic welding of thermoplastic composites in a single-lap configuration. The
material of choice for this research is carbon-fiber-reinforced low-melting polyaryletherke-
tone (CF/LMPAEK), a semi-crystalline composite material of interest for high-performance,
e.g., aerospace, applications. The research focuses on near-field ultrasonic welding given
the typically thin-walled nature of high-performance thermoplastic composite structures.
Based on previous experiments [12], it is expected that increasing the thickness of the
adherends will, at the very least, increase the power consumed during the process, which
might limit their applicability before the far-field threshold is reached. To look into this
matter, the impacts of varying the thickness of the top adhered and of the bottom adherend
were separately investigated. The regular output of the ultrasonic welding machine in
terms of consumed power, downward displacement of the sonotrode, and amplitude was
used as a first approach to observe changes in the welding process. Temperature measure-
ments at the welding interface and within the adherends as well as high-speed camera
recordings during the welding process were used to gain more insight into said changes.

2. Materials and Methods

2.1. Materials

The composite material used for the adherends was TC1225 CF/LMPAEK provided
by Toray Advanced Composites (The Netherlands). The material featured a five-harness
satin T300JB woven carbon fiber reinforcement with 277 g/m2 fiber areal weight, 42%
resin volume content, and nominal 0.31 mm consolidated ply thickness. The LMPAEK
resin had a glass transition temperature of 147 ◦C and a melting temperature of 305 ◦C.
Further, 580 mm × 580 mm composite laminates were manufactured by consolidating
stacks of powder-impregnated composite layers in a hot platen Joos press (Pfalzgrafen-
weiler, Germany) at 365 ◦C and 10 bar for 30 min. Heating and cooling rates were set at
7 ◦C/min. For the thicker adherends, temperatures were checked during the consoli-
dation cycle by placing K-type thermocouples (GG220-2K-0 provided by Tempco B.V.,
Bodegraven, The Netherlands) at the edges of the laminate (middle plane). The quality
of the composite laminates was evaluated by C-scan (Olympus EPOCG 650, Hoofddorp,
The Netherlands). Finally, the laminates were cut into single-lap shear adherends mea-
suring 25.4 mm × 101.6 mm using a water-cooled Proth grinding machine (Taiwan).
A 0.5 mm thick discontinuous LMPAEK film provided by Victrex (Middlesbrough,
UK) was used for the energy directors. These discontinuous films present open areas.
The energy directors were cut into rectangles slightly larger than the welding overlap
(25.4 mm × 12.7 mm). Before welding, both the adherends and the energy directors
were cleaned with a degreasing agent Hysol QD (PT Technologies Europe, Watergras-
shill, Ireland).

Assuming the threshold between near-field and far-field welding to be at L = 6 mm
(with L being the distance between the tip of the sonotrode and the welding interface, i.e.,
approximately the thickness of the top adherend), the adherend thicknesses considered in
this study ranged from 1.17 mm (for a 4-ply laminate) to 5.79 mm (for a 20-ply laminate).
Table 1 shows all the different thicknesses as well as laminate architectures used. The
above-mentioned assumption was based on the fact that the wavelength of sound for the
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CF/LMPAEK material used in this study was measured to be 146 mm at 20 kHz (time of
flight measurements on pulse-echo ultrasonic inspection, Olympus Omniscan MX with
phased array technology). This is not very different from typical values provided in the
literature for which the threshold between near field and far field is considered to be
6 mm [15,16].

Table 1. Thicknesses and laminate architectures used in this work.

Nominal Thickness (mm) Laminate Architecture Number of Plies

1.17 [(0/90)2]s 4

1.83 [(0/90)3]s 6

2.37 [(0/90)4]s 8

3.55 [(0/90)6]s 12

4.72 [(0/90)8]s 16

5.79 [(0/90)10]s 20

2.2. Welding

A VE20 Slimline dialog 6200 ultrasonic welder from Herrmann Ultrasonics (Karlsbad,
Germany) with a frequency of 20 kHz and 6.2 kW maximum power was used in this
study. The welder was equipped with a rectangular sonotrode with a contact area of
15 mm × 30 mm and a gain of 1:1.7, and a booster with a gain of 1:2. With this setup, the
welder can deliver a maximum peak-to-peak amplitude of 86.2 μm and a force between
130 and 2500 N. As the generic output of the ultrasonic welding process, the welder provides
information about the power consumed during the process, and the actual amplitude and
vertical displacement of the sonotrode.

For the experiments performed in this study, the welding amplitude was set to 80 μm
and the welding force to 500 N. These were chosen as a starting point based on typical force
and amplitude values used in previous studies on ultrasonic welding of thermoplastic
composites. Such values are not based on previous optimizations as the goal of this study
was to gain an understanding of the effect of changing the thickness, and not to optimize
the joint strength or other parameters. The duration of the vibration was either directly
controlled (time control) or indirectly controlled through the downward displacement of
the sonotrode. For the latter, the target displacement was set to 0.5 mm, i.e., the thickness
of the energy director. This is further referred to as a “full weld”. It is known that such a
long target displacement is beyond the point where high-quality welds are obtained [4,8],
but, since this research did not aim at weld optimization, the long target displacement
was chosen to provide a wide view of the welding process. The sonotrode was removed
immediately after the vibration, meaning that there was no consolidation phase present in
this study to avoid further material squeeze-out due to the applied pressure.

The clamping jig used is shown in Figure 2. It consists of a base, bar clamps, and
pins for positioning the adherends and it is designed to weld single-lap shear specimens
in which the adherends have the dimensions 25.4 mm × 101.6 mm and the overlap is
25.4 mm × 12.7 mm. To ensure parallelism between the bottom and top adherends, a
dummy adherend (with a thickness equal to that of the bottom adherend) and an energy
director were placed below the top adherend. A summary of the experiments conducted
in this study is presented in Table 2 (changing the top adherend’s thickness) and Table 3
(changing the bottom adherend’s thickness). It is important to note that the thickness of
the bottom adherend was kept constant (1.83 mm) when changing the top adherend’s
thickness and vice versa. The control parameter time was used only to stop the weld at a
certain position in the displacement curve and it is not based on any previous optimization.
Note that, for the case of repetitions with thermocouples, in some cases, the thermocouples
failed, and the readings are therefore not presented in the results.
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Figure 2. (Left): welding setup. (Right): schematic indicating thermocouple positioning.

Table 2. Summary of the experiments presented in this study for the change in the top adherend’s
thickness. The bottom adherend’s thickness was kept constant (1.83 mm). The experiments with
thermocouples had all thermocouples present (interface, top adherend, and bottom adherend). T: top
adherend’s thickness, TCs: thermocouples, d: displacement, t: time. Five repetitions (rep.) with TCs
were completed for each case; however, only the repetitions in which the TCs survived are reported
in the table.

T [mm] Force [N]
Amplitude

[μm]
Rep. without

TCs
Rep. with

TCs
Control Purpose of the Experiments

1.17 500 80 3 1

d: 0.50 mm

To obtain power, displacement,
amplitude, and temperature

behavior during a full weld for
comparison between the different

thicknesses

1.83 500 80 3 1

2.37 500 80 3 1

3.55 500 80 3 2

4.72 500 80 3 1

3.55 500 80 3 0 t: 250 ms To obtain micrographs at different
positions of the displacement

curve
3.55 500 80 3 0 t: 600 ms

3.55 500 80 3 0 t: 800 ms

1.17 1500 80 3 0

d: 0.50 mm To study the effect of the thickness
with a higher force value

3.55 1500 80 3 0

4.72 1500 80 3 0

Table 3. Summary of the experiments presented in this study for the change in the bottom adherend’s
thickness. The top adherend’s thickness was kept constant (1.83 mm). The welding parameters
were 500 N and 80 μm. The experiments with thermocouples had all thermocouples present (inter-
face, top adherend, and bottom adherend). B: bottom adherend’s thickness, TCs: thermocouples,
d: displacement, t: time. Five repetitions (rep.) with TCs were completed for each case; however, only
the repetitions in which the TCs survived are reported in the table.

B [mm] Rep. without TCs Rep. with TCs Control Purpose of the Experiments

1.17 3 2

d: 0.50 mm

To obtain power, displacement, amplitude,
and temperature behavior during a full

weld for comparison between the
different thicknesses

1.83 3 1

2.37 3 3

3.55 3 0

4.72 3 2

5.79 3 1
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2.3. Analysis

The power consumed, the downward displacement of the sonotrode, and the actual
amplitude of vibration during the vibration phase of the welding process were directly
obtained from the ultrasonic welder.

Temperatures were measured at the welding interface and within the adherends using
K-type thermocouples (GG220-2K-0, Tempco B.V., Bodegraven, The Netherlands) with a
wire diameter of 0.10 mm and encapsulated diameter of 0.70 mm. For the temperature
measurements within the adherends, holes were drilled in the adherends according to
the schematic in Figure 2. The distance between the thermocouple hole and the interface
(0.60 mm) was limited by the thickness of the thinner adherend (1.17 mm), and it was
kept constant for all adherends to measure the temperature at the same position from
the interface. For the temperature measurements at the welding interface, the measuring
tip of the thermocouple was placed in the center of the overlap, on top of the bottom
adherend and under the energy director. The thermocouples were connected to an analogue
amplifier and sampled at 1 kHz. The temperature measurements were performed with
three thermocouples (bottom adherend, interface, and top adherend). All thermocouples
were placed simultaneously, which can affect the response of the welding process. However,
because this added effect of placing thermocouples is present in all experiments when
comparing different temperature evolutions for all thicknesses, it was not considered
worrisome for this research. The raw thermocouple data were filtered in Matlab using a
moving average filter with a 20-point window.

A FASTCAM NOVA S Series (Photron, Reutlingen, Germany) high-speed camera was
used to record the welding process in slow motion using a rate of 1000 frames per second
and a shutter speed of 1 μs. The camera was mounted on a tripod and positioned in such a
way that the focus was on the middle of the welding stack. One extra lamp was required to
achieve the desired lighting for the provided recording parameters.

As was mentioned earlier in the Introduction, the effects of changing the thickness of
the top adhered and the bottom adherend were studied separately. Therefore, the welded
joints will have a significant thickness mismatch between the top and bottom adherends.
Because of this, it was decided not to perform any lap shear testing. Testing joints with
different thicknesses and plainly comparing these values could be misleading because new
variables, such as the bending stiffness which varies with thickness, are now involved.

3. Results

Only results are presented in this section. The analysis of the data, the trends, and
further explanations are presented in the Discussion.

3.1. Thickness of the Top Adherend

Figure 3 shows the power consumed by the ultrasonic welder and the vertical
downward displacement undergone by the sonotrode for five different thicknesses
of the top adherend (ranging from 1.17 mm to 4.72 mm) and a fixed thickness of the
bottom adherend (1.83 mm). One representative example is shown per thickness value.
It should be noted that, due to a persistent error in the ultrasonic welder (maximum
amplitude value exceeded), it was not possible to weld the configuration with a 5.79 mm
thick top adherend, as originally intended. Figure 4 illustrates the repeatability of the
results for two of those five thicknesses (1.17 mm and 3.55 mm). Figure 5 shows
the amplitude as measured by the ultrasonic welder for three thicknesses of the top
adherend with the corresponding sonotrode displacement curve superimposed for
reference. Figure 6 shows temperature measurements at the welding interface within
the bottom adherend and the top adherend for five different thicknesses and two
repetitions for a top adherend thickness of 3.55 mm. Figure 7 gathers a selection of
snapshots from the high-speed camera at three different stages in the welding process
for two thicknesses of the top adherend, 2.37 mm and 3.55 mm.
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Figure 3. Consumed power (left) and downward displacement (right) curves for top adherend with
varying thickness and discontinuous energy directors. One representative curve per thickness value.
The welding parameters were 500 N force and 80 μm vibration amplitude. The bottom adherend’s
thickness was 1.83 mm.

Figure 4. Consumed power (left) and downward displacement (right), three repetitions for two top
adherend thickness values (1.17 mm and 3.55 mm). The welding parameters were 500 N force and
80 μm vibration amplitude. The bottom adherend’s thickness was 1.83 mm.

Figure 5. Cont.
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Figure 5. Amplitude and downward displacement curves for different thicknesses of the top ad-
herend: 1.17 mm (top-left), 2.37 mm (top-right), and 3.55 mm (bottom). The welding parameters
were 500 N force and 80 μm vibration amplitude. The bottom adherend’s thickness was 1.83 mm.
The amplitude is provided as a percentage of the maximum amplitude the equipment can deliver.

Figure 6. Representative temperature curves for different thicknesses of the top adherend: inter-
face temperature (top left), bottom adherend temperature (top right), top adherend temperature
(bottom left). (Bottom right): two repetitions for a top adherend thickness of 3.55 mm. For the
temperature in the top adherend, only one thermocouple survived. The dashed line represents an
estimate of the end of the vibrations. The welding parameters were 500 N force and 80 μm vibration
amplitude. The bottom adherend’s thickness was 1.83 mm.

80



Materials 2023, 16, 6968

Figure 7. High-speed camera snapshots at different times in the welding process ((A) before the
displacement plateau, (B) at the beginning of the displacement plateau, (C) during the displacement
plateau) for two thicknesses of the top adherend (2.37 mm and 3.55 mm). The red arrows indicate
fiber squeeze-out. The welding parameters were 500 N force and 80 μm vibration amplitude. The
bottom adherend’s thickness was 1.83 mm.

3.2. Thickness of the Bottom Adherend

Figures 8–12 show the same data as shown above but for the experiments in which the
thickness of the bottom adherend was varied. In this case, it was possible to obtain results
from the six thickness values originally planned, ranging from 1.17 mm to 5.79 mm.

Figure 8. Consumed power (left) and downward displacement (right) curves for bottom adherend
with varying thickness and discontinuous energy directors. One representative curve per thickness
value. The welding parameters were 500 N force and 80 μm vibration amplitude. The top adherend’s
thickness was 1.83 mm.
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Figure 9. Consumed power (left) and downward displacement (right), three repetitions for two
bottom adherend thickness values. The welding parameters were 500 N force and 80 μm vibration
amplitude. The top adherend’s thickness was 1.83 mm.

Figure 10. Amplitude and displacement curves for different thicknesses of the bottom adherend:
1.17 mm (top-left), 3.55 mm (top-right), and 5.79 mm (bottom). The welding parameters were 500 N
force and 80 μm vibration amplitude. The top adherend’s thickness was 1.83 mm. The amplitude is
provided as a percentage of the maximum amplitude the equipment can deliver.
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Figure 11. Representative temperature curves for different thicknesses of the bottom adherend:
interface temperature (top left), bottom adherend temperature (top right), top adherend temperature
(bottom left). Note that the temperature readings for 3.55 mm—thick bottom adherend are not
present in these graphs since the decision to include this thickness in the study was made after the
temperature measurements were performed. (Bottom right): three repetitions for a bottom adherend
thickness of 2.37 mm. For the temperature in the top adherend, only one thermocouple survived,
and, for the temperature in the bottom adherend, only two survived. The dashed line represents an
estimate of the end of the vibrations. The welding parameters were 500 N force and 80 μm vibration
amplitude. The top adherend’s thickness was 1.83 mm.
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Figure 12. High-speed camera snapshots at different times in the welding process ((A) before
the displacement plateau, (B) during the displacement plateau) for two thicknesses of the bottom
adherend (1.17 mm and 5.79 mm). The welding parameters were 500 N force and 80 μm vibration
amplitude. The top adherend’s thickness was 1.83 mm.

4. Discussion

This study aimed to gain an initial understanding of the effect of changing the thickness
of the adherends during near-field ultrasonic welding of thermoplastic composites. The
behavior of the process and the evolution of the welded joints when varying the thicknesses
of the top and bottom adherends were studied using output data from the ultrasonic welder,
temperature measurements, and high-speed camera recordings.

As expected, increasing the thickness of the adherends increased the overall power
consumption during the welding process. This effect was observed both when increasing
the thickness of the top adherend (Figure 3) as well as when increasing the thickness of
the bottom adherend (Figure 8). The main difference between the two cases was that
increasing the thickness of the top adherend did cause a significant overshoot of the power
peak observed at the onset of the process (Figure 3). This phenomenon may have been
the reason why it was not possible to operate the ultrasonic welder for the highest top
adherend thickness considered in this work, i.e., 5.79 mm. The observed differences may be
related to the differences in wave transmission between the top and the bottom adherend.
Indeed, every interface between two different media, i.e., sonotrode–top adherend, top
adherend–energy director, and energy director–bottom adherend, will reflect a portion
of the waves, resulting in a decrease in the vibrations transmitted across each interface.
Consequently, it is sensible to assume that the process will be more sensitive to thickness
changes in the top adherend since it receives the largest share of the vibration energy. It is,
however, interesting to note that the thickness of the bottom adherend affects the power
consumed throughout the process, even though the transmission of vibrations across the
welding interface is said to significantly decrease once the energy director is molten [18].

Beyond this, increasing the thickness of the top adherend was found to affect the
downward displacement of the sonotrode during the welding process. As shown in
Figure 1, the vertical displacement of the sonotrode is usually linked to the physical changes
occurring at the welding interface during the welding process. In the case of a discontinuous
energy director, as is the case in this study, the sonotrode will first travel downwards as it
compresses the energy director until its original empty spaces are filled out with material [4].
At that point, the sonotrode will remain stationary (displacement plateau) until the energy
director is molten and starts to flow, which will cause further downward displacement of the
sonotrode (see Figure 1). All the curves in Figure 4 show roughly this behavior; however, it
is interesting that, whereas for the 2.37 mm thick adherend and below, all the displacement
curves overlap, for 3.55 mm and 4.72 mm thick adherends, the displacement curves show
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greater variability. One remarkable feature of the displacement curves corresponding to
the thicker adherends is that the displacement plateau is reached at a lower downward
displacement, which is surprising considering that both the energy director and the welding
parameters are the same in all cases. The high-speed camera images in Figure 7 help to
explain this behavior since they show that, in the case of the thicker top adherend, damage
in the form of melting and fiber squeeze-out in the top adherend take place during the
displacement plateau, as opposed to just melting of the energy director, as is the case for
the thinner adherend. Temperature measurements (Figure 6) confirm that observation
since they show a significant increase in the temperatures within the top adherend as its
thickness increases. It should be noted that, due to potential errors in the readings caused
by the interaction between the thermocouples and the high-frequency vibrations [19], the
temperature data were only considered from a qualitative viewpoint. It is interesting to
point out that, even though the images in Figure 7 do not clearly indicate melting of the
energy director and hence the creation of a welded joint within the displacement plateau for
the thicker adherend, the temperature readings at the welding interface seem to indicate the
contrary since they are similar for the thin and the thick adherends (Figure 6). Cross-section
micrographs of welds allowed to cool down without any consolidation pressure settle this
argument by showing melting of the energy director (in the form of deconsolidation voids)
within the plateau also in the cases of the thicker adherends (Figure 13). None of the effects
described in this paragraph regarding heating of the adherends were, however, observed
when increasing the thickness of the bottom adherend, as shown in Figures 9, 11 and 12.

Figure 13. Cross-section micrographs of welded joints allowed to cool down without any consoli-
dation pressure at different times in the welding process ((A) at the beginning of the displacement
plateau, (B) during the displacement plateau, (C) right after the displacement plateau) for a top
adherend thickness of 3.55 mm. The white arrows indicate the weldline. The welding parameters
were 500 N force and 80 μm vibration amplitude. The bottom adherend’s thickness was 1.83 mm.
Note that there is porosity observed at the weldline, which can be attributed to the absence of a
consolidation phase. Note that the criteria for the micrographs were according to the position in the
displacement curve, which is the reason why the times indicated in the graph do not match with the
times provided in Table 2.

The amplitude readings in Figures 5 and 10 suggest the existence of significant am-
plitude oscillations, which were identified as hammering, in the case of the 3.55 mm thick
top adherend. It should be noted that, of all the different thicknesses shown in those
figures, that is the only case in which the displacement curve presents an “anomalous”
behavior (Figure 3). Hammering is an unavoidable phenomenon in ultrasonic welding
caused by the periodic loss of contact between the sonotrode and the top adherend [20].
To obtain an indication of whether hammering could be contributing to the temperature
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increase and melting observed within the thicker top adherends, an extra set of experiments
with 1.17 mm, 3.55 mm, and 4.72 mm thick top adherends and a tripled welding force
(1500 N) were carried out. It should be noted that increasing the welding force is known
to improve the contact between the sonotrode and the top adhered [17], thereby reducing
hammering [21], as also confirmed by the amplitude graphs in Figure 14 (see Figure 5
for reference). The new displacement curves (Figure 15) show, unlike those in Figure 4,
overlapped displacement plateaus. Consistently, the high-speed camera images show no
trace of melting and fiber squeeze-out within the adherends (Figure 16). Furthermore, a
comparison of the surface of the top adherend, which is in contact with the sonotrode
during the vibration phase, for both welding forces used in this study (Figure 17) shows
the extent of the damage in the top adherend for the 500 N force case and the significant
reduction in fiber squeeze-out and melting for the 1500 N case. Note that the observed
fiber squeeze-out when welding with a 1500 N force is attributed to the fact that this corre-
sponds to a full weld, which is known to be beyond the optimal point for joint strength
in which fiber squeeze-out is expected to occur. These results are a clear indication of
the role of hammering in the observed phenomena. Regarding the mechanism through
which hammering might be contributing to the increased heating of the top adherend, the
hypothesis is that it causes an oscillatory impact excitation, which, if close to the natural
frequencies of the system, could result in an amplification of the cyclic strain and hence
viscoelastic heating in the adherend. A precise modal analysis of the system as well as
an analysis of the periodicity of hammering would be necessary to test such a hypothesis.
Finally, the occurrence of more hammering in thicker adherends, which are nevertheless
more compliant than thinner ones [19], can be explained by considering that, the more
compliant a material is in static conditions, the more it behaves like a hard spring under
dynamic loading [2].

Figure 14. Amplitude and displacement curves for different thicknesses of the top adherend and
increased welding force: 1.17 mm (top-left), 3.55 mm (top-right), and 4.72 mm (bottom). The
welding parameters were 1500 N force and 80 μm vibration amplitude. The bottom adherend’s
thickness was 1.83 mm. The amplitude is provided as a percentage of the maximum amplitude
the equipment can deliver.
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Figure 15. Displacement curves for increased welding force and different thicknesses of the top
adherend (1.17 mm, 3.55 mm, and 4.72 mm). The welding parameters were 1500 N force and 80 μm
vibration amplitude. The bottom adherend’s thickness was 1.83 mm.

Figure 16. High-speed camera snapshots at different times in the welding process ((A) before the
displacement plateau, (B) at the beginning of the displacement plateau, (C) after the displacement
plateau) for three thicknesses of the top adherend (1.17 mm, 3.55 mm, and 4.72 mm). The welding
parameters were 1500 N force and 80 μm vibration amplitude. The bottom adherend’s thickness was
1.83 mm.

87



Materials 2023, 16, 6968

Figure 17. Comparison of the top adherend surface when welding with a force of 500 N (left) and
1500 N (right). This surface is in contact with the sonotrode during the vibration phase. The thickness
of the top adherend was 3.55 mm, the thickness of the bottom adherend was 1.83 mm, and the welding
amplitude was 80 μm. The joints were welded until a downward displacement of the sonotrode of
0.50 mm was reached.

5. Conclusions

The objective of this study was to provide an initial insight into the effect of the
adherend thickness on the near-field static ultrasonic welding of fabric CF/LMPAEK
thermoplastic composites. The results showed that increasing the thickness of the top
adherend has a much more significant effect in the welding process than increasing the
thickness of the bottom adherend. Indeed, increasing the thickness of the bottom adherend
was only found to have an apparent effect on the overall consumed power. The increase
in power caused by an increase in the thickness of the bottom adherend was, however,
within the operating limits of the ultrasonic welder and did not cause any disruptions in
the welding process (up to, at least, the maximum thickness considered in this study, i.e.,
5.79 mm). Contrarily, increasing the top adherend thickness beyond 4.72 mm was found to
preclude welding, likely due to the significant overshoot in the power required at the onset
of the process. Furthermore, bulk heating in the top adherend during the welding process
was found to increase as its thickness increased, likely as a result of increased hammering.
Significantly increasing the welding force seemed to mitigate this issue while not having
a negative effect on weldability. Further research on the implications of changing the
thickness and process parameters on the joint strength is needed to gain more insight into
some of the effects identified in this paper, e.g., increasing the welding force to mitigate
negative effects when increasing the thickness of top adherend, and to determine processing
windows for high-quality welds with thick adherends.
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Abstract: Creating connection points for sandwich-structured composites without losing technical
performance is key to realising optimal lightweight structures. The patented LiteWWeight® technol-
ogy presents cost-effective connections on sandwich panels in a fraction of a few seconds without
predrilling. Ultrasonic equipment is used to insert a thermoplastic fastener into the substrate material
and partially melt it into the porous internal structure. This creates a highly interlocked connection
(connection strength is above 500 N) suitable for semi-structural applications. This study focused
on the simulation and experimental validation of this process, mainly on the interaction between
the pin and the substrate material during the joining process. The dynamic thermo-mechanical
model showed reasonable agreement with experimental methods such as process data, high-speed
camera monitoring or computed tomography and allowed the prediction of the connection quality
by evaluation of the degree of interlock. The connection strength prediction by the developed model
was validated within several various process setups, resulting in a prediction accuracy between
94–99% depending on the setup.

Keywords: joining; process modelling and simulation; sandwich structures; numerical analysis;
ultrasonic technology; polymer composites

1. Introduction

The introduction of fibre-reinforced polymers in load-bearing automotive structures
provides a great potential to significantly reduce weight, fuel consumption, and conse-
quently CO2 emissions. Reliable and cost-effective joining technologies must be developed
to reduce production time and enable the manufacture and assembly of composite struc-
tural parts. Here, sandwich-structured composite materials provide clear advantages in
terms of weight savings and mechanical performance in the aerospace and automotive in-
dustries owing to their high stiffness and strength to weight ratios. Such structures consist
of two thin high density face sheets, bonded to a thick core made from low density foam
material. Variation of the materials combination and foam to void ratio allows production
of lightweight structural systems with desirable resulting material properties.

Using appropriate materials for appropriate scenarios is becoming more popular
in transportation areas such as in the automotive and railway sectors, leading to multi-
material design concepts with a high demand for reliable, cost-efficient joining meth-
ods [1,2]. Nevertheless, traditional fastening methods (metallic fasteners, adhesive bond-
ing) for joining fibre-reinforced polymers decrease mechanical performance [3,4]. Metallic
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fasteners have a relatively high weight. Additionally, their thermal expansion coefficients
and thermal conductivities are higher than those of the surrounding composite structure,
which could lead to composite degradation in the joint region with changes in the sur-
rounding temperature. Furthermore, some metallic fasteners require holes to be drilled
in advance, which could increase the chance of crack initiation in the joint area. Dam-
age in the connection area produced by the conventional joining methods and further
intensive loading conditions might debone the skin from the core and initiate the crack
propagation [5,6].

Adhesive bonding is an alternative to metallic fasteners. However, these techniques
strongly depend on the contacting surfaces morphology and presence of contaminants.
Bonding processes are time-consuming and difficult to analyse once cured. Moreover,
debonding leads to significant damage to the contact region [7,8]. Fibre-reinforced ther-
moplastic rivets have recently been implemented for joining composite structures [9,10].
During the joining process, thermoplastic rivets are heated above the melting temperature,
which allows the creation of a squeeze flow of the rivet material into the internal composite
structure. However, thermoplastic welding methods, such as ultrasonic welding, offer
several advantages over the above-mentioned joining techniques, such as short process
times and strong dependable joints without significant surface preparation efforts [8,11–15].
Ultrasonic welding is one of the most commonly used welding methods besides resistance
welding [11,13,14] or conduction welding [16] for joining thermoplastic structures. It uses
ultrasonic energy at high frequencies (20–40 kHz) to produce low peak-to-peak amplitude
(50 to 100 μm) mechanical vibrations. In ultrasonic welding, the heat required to melt
the thermoplastics is generated locally. This occurs through friction between the joining
constituents and viscoelastic damping [17,18]. Ongoing research has focused on develop-
ing ultrasonic welding solutions to replace gluing and riveting for primary load-carrying
aerospace structures [13,18,19]. These applications are generally larger structures based
on reinforced high-performance thermoplastic materials, such as polyetheretherketone
(PEEK), polyphenylene sulphide (PPS), and polyetherimide (PEI) [13,20,21]. Furthermore,
continuous ultrasonic welding systems that are capable of continuously joining large
flat and double-curved structures have been shown to be a fast and feasible welding
technique [20,22].

The MM-Welding® LiteWWeight® technology is especially designed for sandwich
structures with honeycomb and foamed core materials (Figure 1). Ultrasonic energy
is used to insert a thermoplastic connection element (pin) through the top layer into
the porous structure of the core. Owing to the ultrasonic excitation, the thermoplastic
connection element melts at the interface, infiltrates the porous structure, and creates a
highly interlocked bond with the substrate material. The goal of this study is to adapt the
knowledge-based approach for modelling the LiteWWeight® process targeting interior
automotive applications e.g., fixation elements on casing panels in the trunk.

The MM-Welding® LiteWWeight® process is divided into four phases:

• Phase 1: Ultrasonic device moves to target position to start joining process.
• Phase 2: Pressure is increased on the thermoplastic pin until the trigger force is reached

that starts the ultrasonic excitation. The pressure continues to increase until the pin
dynamically pierces the upper face sheet resulting in a local face sheet collapse.

• Phase 3: The thermoplastic pin moves through the substrate. Tolunay et al. [23] sug-
gested that heating is solely due to mechanical dissipation of work through viscoelastic
deformation. In the case of a flat energy director, the heating mechanism, as suggested
by Zhang et al. [24] and Villegas et al. [17,18] also consists of frictional dissipation at
the interface. The heat sources are based on two effects: bulk phenomena and friction-
based interfacial heat sources. Based on available literature [23,25], heat generation
appears in the material itself from the viscoelastic dissipation (bulk phenomena). This
is based on the total or partial contact of the sonotrode (hammering effect), the loss
modulus of the material, and the frequency and amplitude of the imposed strain.
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• Phase 4: Intimate contact: During the insertion, the contact between the parent
materials and connection element evolves as the surface of the connection element
melts and flows/squeezed into the porous material. To take into account this effect
Levy et al. [25] proposed an adapted model from Lee et al. [26] dependent on a
dimensionless scalar definition that allows an assessment of the process quality.

This study aims to assess whether it is feasible to create a dynamic numerical impact
model of the LiteWWeight® process that allows an evaluation of the connection quality.
The impact model calculates the stresses, strains, and damage rates for pin and sandwich
structures. Additionally, the numerical model enables the calculation of heat from friction
and plastic deformation. The model was verified and validated based on a comparison with
experimental tests. The data provided by the ultrasonic device, such as force, displacement,
and ultrasonic amplitude, depending on time, were used for the reconstruction of the
sonotrode displacement boundary condition (BC). Computed tomography (CT) scans were
used to reconstruct the sandwich geometry and pin insertion position. Furthermore, a
high-speed camera was used to visually assess the LiteWWeight® process and calculate the
hammering coefficient. Additional studies were performed to evaluate the damage rate
and the temperature distribution of the pin during joining.

Figure 1. Schematic overview of the MM-Welding® LiteWWeight® process. Adapted from Ref. [15].

2. Materials and Methods

2.1. Materials

Thermoplastic material: The thermoplastic pins were made from the fibre-reinforced
polymer PA66 GF30 (BASF, Ultramid A3WG6, Ludwigshafen, Germany) and were pro-
duced by injection moulding. The use of a glass fibre-reinforced polymer is advantageous
because of the increased Young’s modulus and mechanical loss factor of the material.
Therefore, the ultrasonic vibrations were converted into heat more efficiently, which was
crucial for the MM-Welding® LiteWWeight® process. The thermoplastic pins were dried at
90 ◦C for 8 h because of the influence of the absorbed humidity in PA66 GF30 [15]. The pins
resulting elastic modulus is 5500 MPa at room temperature. Thus, a temperature-dependent
elastic modulus was implemented into the numerical model.

Sandwich-structured composite: A lightweight panel, which is typically integrated
in the automotive sector as an interior component, was used. It is based on face sheets made
of glass fibre-reinforced polymers and a honeycomb core structure made of cardboard. The
components were bonded together using a polyurethane resin that partially expanded
into the core layer. The elastic modulus for the face sheet is 4550 MPa, 400 MPa for the
honeycomb cardboard internal structure and 300 MPa for the foam. The overall thickness
of the panel was 16 mm, whereby top and bottom face sheets were 0.5 mm. The length and
width of a honeycomb element was respectively 13 mm and 6 mm.
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2.2. Material Characterisation

Various methods have been used to characterise the mechanical and thermal material
properties of the pin material PA66 GF30 and sandwich material to identify parameters for
the finite-element simulation model. First, differential scanning calorimetry experiments
were performed to analyse the crystallisation behaviour at different cooling rates and
to derive heat capacities. Temperature- and frequency-dependent dynamic mechanical
analysis measurements were performed for the purpose of storage and loss modulus.
Furthermore, the following mechanical tests were conducted: tensile test on the face sheet
substrate material, compression behaviour of the pins, and the sandwich substrate. The
face sheet tensile test is essential for the implementation of the Hashin damage criteria. A
detailed representation of the data is documented in Brauner et al. [15] and summarised in
Appendix A (Table A1).

2.3. Ultrasonic Equipment and Process Monitoring Tools

In this study, a servo-driven ultrasonic welder (Dukane iQ Servo, Prague, Czech
Republic) was used. The equipment monitored the force, displacement, amplitude, fre-
quency, velocity, and energy with a sampling rate of 1000 Hz. The ultrasonic insertion
of LiteWWeight® pins was optimised in a preliminary study by systematic variation of
relevant processing parameters using a design of experiments [15]. Hence, optimised
reference process parameters were used in this study. A velocity of 45 mm s−1 and an
amplitude of 76 μm operating at 20 kHz were applied.

Because the LiteWWeight® process is highly dynamic, high time resolution methods
were exploited to allow further data analysis and interpretation. A FASTCAM SA5 high-
speed camera (Photron, Tokyo, Japan) was used to analyse effects such as pin movement,
hammering (contact between the pin and sonotrode), and potential pin-tip failure. To derive
the concept of the hammering coefficient, which plays an important role in calculating
heat by friction and dissipation, a MATLAB algorithm was developed and coupled with a
high-speed camera to track various points on the pin and sonotrode through the process
(Figure 2). High-speed videos were acquired at 75 kHz, which was the limit due to the
imaging resolution and the available light sources. An ideal sinus wave at 20 kHz was
considered during this process. Therefore, 3.75 points per cycle were obtained by high-
speed measurements to characterise the sinusoidal wave. The Kanade–Lucas–Tomasi (KLT)
algorithm implemented in MATLAB (Version 9.8, V Natick, MA, USA) Computer Vision
Toolbox was used to track various points of the sonotrode and pin [27]. The algorithm
returned the trajectories of positions that were successfully tracked throughout the process.
The most suitable trajectory for both the sonotrode and pin was extracted depending on
the quality and stability of the signal.

Figure 2. (a) Thermoplastic pin inserted in lightweight panel for high-strength fixation; (b) Detected points of interested on
thermoplastic pin by usage of the Kanade–Lucas–Tomasi point tracking algorithm.
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Additionally, the load cell KM40d (ME-Meßsysteme GmbH, Hennigsdorf, Germany)
was used to record the reaction force below the sandwich panel with a high time resolution
of 1 kHz. The unfiltered force curve results from oscillatory reaction forces combined with
measurement errors due to high sampling rate. The measured force signal was smoothed
using a Gaussian filter method (see Figure 3), which showed reasonable agreement with
the exported machine data. Equivalent post-processing was applied to the reaction forces
derived by the numerical model.

Figure 3. Comparison of force curves derived from different sensor data.

Additionally, CT scans were performed. The scans presented an inside view of the
inserted pin, highlighted the mechanical strength of the pin and the surrounding foam
content. Furthermore, it allowed quick measurement of the densities of the components
used and showed possible weaknesses that were introduced during manufacturing (e.g.,
porosities within the pin due to injection moulding). The mechanical strength of the pin
was measured by a pulling out procedure in a Zwick 100 kN universal tensile test machine
(Zwick, Ulm, Germany) at a testing speed of 5 mm/min to determine the maximum force.
Furthermore, a partial insertion study was performed with variations in insertion collapse
length. This method allowed the assessment of the damage rate of the thermoplastic pin
tips at various phases during the process.

2.4. Numerical Methods

The commercial software Abaqus (Version 6.13, Providence, RI, USA) was used for
the simulation of the heat transfer, elastic and plastic deformations, and failure in pin and
substrate elements. A fully explicit coupled thermal-mechanical dynamic analysis was
implemented. This full coupling was needed because most of the heat arose from friction
and dissipation, and the material properties are temperature-dependent.

2.4.1. Thermo-Mechanical Model

Three general heat sources arose in the pin and substrate during the process: heat
from friction, plastic deformation, and ultrasonic energy dissipation. The heat fluxes
generated on the contacting surfaces of the pin and substrate were estimated according to
the following:

qp = qk − f1qg, (1)

qs = −qk − f2qg. (2)

Here, qp and qs are the heat fluxes generated on the pin and substrate contacting
surfaces, respectively, qk is the heat flux due to conduction, and qg is the heat flux from
frictional energy dissipation. f1 = f2 = 0.5 are the fractions of evenly distributed heat
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generated on the first and second surfaces, respectively [28]. The values for f1 and f2 were
set as equal values, because both joining partners are polymer materials and therefore, the
thermal properties like heat capacity, density, and thermal conductivity are similar. The
heat generated by friction in Abaqus/Explicit was calculated using the factor η f r, which
defines the fraction of frictional work converted to heat. The heat flux generated by the
frictional heat generation is given by

qg = η f rτΔs/Δt, (3)

where τ is the frictional stress, Δs is the incremental slip, and Δt is the incremental time.
The heat flux due to conduction is assumed to be of the form

qk = κΔθ, (4)

where κ is the heat-transfer coefficient, and Δθ is the temperature difference between the
two sides. In [28] it was shown that heat from energy dissipation appeared in the domain
as a thermal source according to the following equation:

.
Qbulk =

α2ωElossε : ε

2
, (5)

where
.

Qbulk is the heat rate, α is the hammering coefficient, ω is the frequency, Eloss
is the elastic loss modulus, and ε is the strain tensor. According to the modelling and
experimental results presented in [18,23], the heat from friction on the interface of joined
parts was significantly higher than heat from energy dissipation. Therefore, heat from
ultrasonic energy dissipation was neglected in the Abaqus model but was calculated in
the next step using the evaluated values of hammering coefficient and strains depending
on time.

Abaqus allows the calculation of the inelastic heat fraction, which defines the amount
of heat generated by mechanical dissipation associated with plastic strain. This term can be
introduced as a source of coupling for the thermal-mechanical analysis. The inelastic heat
fraction plays a significant role in LiteWWeight® technology, because extensive inelastic
deformations occur rapidly in a material whose mechanical properties are temperature-
dependent, and heat has no significant time to dissipate. The heat flux per unit volume
was estimated according to the equation

rpl = ηplσ :
.
ε

pl . (6)

Here, ηpl is a user-defined parameter, σ is the stress, and
.
ε

pl is the rate of plastic
straining. General contact was defined in Abaqus/Explicit for the simulation of contact
and interaction problems. All surfaces were automatically defined. This default surface
contained all exterior element faces, all analytical rigid surfaces, and all edges in the model,
as well as the nodes attached to these faces and edges. The general contact algorithm
activated and deactivated the contact faces and contact edges in the contact domain based
on the failure status of the underlying elements.

The Coulomb friction model was implemented to carry shear stresses by the definition
of critical shear stress, at which sliding of the surfaces started as a fraction μ f r of the
contact pressure.

τcrit = μ f r p, (7)

where μ f r is the same in all directions. Contact pressure-overclosure relationships are
defined as a linear function of the clearance between the surfaces. In a linear pressure-
overclosure relationship, the surfaces transmit contact pressure when the overclosure
between them, measured in the contact (normal) direction, is greater than zero.

Abaqus/Explicit predicts material progressive damage and failure based on the un-
damaged elastic-plastic response of the material, damage initiation criterion, and damage.
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Plastic stress-strain ratio is defined from the experiments for the pin, and plastic properties
of honeycomb cells and foam are known as a range of possible values (plastic and damage
properties of internal substrate structure is a subject of model calibration procedure). In
both cases, the von Mises yield surface was used to define isotropic yielding. It is defined
as the value of the uniaxial yield stress as a function of the uniaxial equivalent plastic strain.

The pin destroyed the upper face sheet and the internal structure of the sandwich panel
through the substrate. Therefore, failure models and element removal criteria were defined
and integrated into the model. Further governing equations related to Abaqus/Explicit
were complemented as supplemental material.

2.4.2. Assessment of the Connection Quality

The main goal of the LiteWWeight® technology is to form an interlock between the
pin and substrate and provide a high value of pullout force. The form-locking process is a
function of the process parameters (pressure, temperature, and time) and the geometry of
the contacting surfaces. A geometric description of the surfaces is critical for modelling.
Surface topography can be described as a nonstationary random process [29] or fractal
distribution [30]. With simplified approaches, the surface profile can be interpreted as a
series of periodic sine or cosine functions with different amplitudes and frequencies. A
model of intimate contact by Dara and Loos [31] represents the surface as a set of rectangles
of different sizes. Lee and Springer [26] and Mantell and Springer [32] proposed models
with simplified geometry represented as a series of rectangles of the same size. In this
study, a simplified ‘squeeze flow’ model by Mantell and Springer [32] was implemented as

.
Dic =

(
Dic,0

Dic

)4( a0

b0

)2 p
μ(T(t))

. (8)

Here, Dic is the degree of interlock, Dic,0 is its initial value, μ(T(t)) is the viscosity of
the pin material in a liquid state, p is the pressure, and a0/b0 is the ratio derived from the
surface roughness.

The calculation of the degree of interlock according to expression (8) for the LiteWWeight®

technology is not a trivial task because the interface surface is non-constant, elements of
pin and substrate were deleted according to the defined element removal criteria, and the
whole pin moves relative to the substrate. For the validation of the proposed approach
for the performance quality prediction, five different insertion setups were considered:
reference, faster insertion speed, lower insertion speed, higher US amplitude, and lower
US amplitude. Three trials were performed per setup. The specifications are presented in
Table 1.

Table 1. Ultrasonic process setup for assessment of the connection quality.

Setup Insertion Speed [mm/s] Amplitude [μm]

Reference 45 76
Slow 40 76
Fast 50 76

High Amplitude 45 92
Low Amplitude 45 62

An Anton-Paar MCR 300 rheometer was used to perform rheological measurements
that were used to describe the temperature-dependent viscosity of PA66 GF30. A plate-plate
configuration was used for the measurements. The plate diameter was 25 mm, with a gap
thickness of approximately 1 mm. The samples were dried before testing for 12 h at 90 ◦C.
Additionally, the samples were exposed to nitrogen during the measurement because of
the accelerated thermal degradation of PA66 GF30 at high temperatures. Furthermore, the
confocal laser microscope (Keyence VK-X1100) enabled the characterisation of the surface
roughness at different locations on the pin surface. The surface roughness values were
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evaluated with one-dimensional line roughness measurements according to standard DIN
EN ISO 4287.

3. Results and Experimental Validation

The overall objective of this section is the validation of the numerical model by
comparison with experimental results. The numerical model should adequately predict
process performance which was represented by the degree of interlock that is dependent
on the input parameters temperature, stress, and failure fields. After the insertion process,
the most important process signals were exported from the ultrasonic welder, as shown in
Figure 4. The force curve clearly presents phase 2 (first force peak, collapse of face sheet)
and phase 4 (second force peak, forming the interlock) as described in Figure 1.

Figure 4. Process signals such as filtered force, amplitude, and velocity during the LiteWWeight®

joining process of a thermoplastic pin with the sandwich-structured composite panel.

3.1. Geometry Reconstruction

CT scans were analysed before and after the insertion process at the same position
for validation. Several cross-sections of the sandwich structure were imaged to replicate
an approximated structure in the impact model. Figure 5 presents a detailed view of
the sandwich structure. It was possible to examine the amount of foam, the porosity of
the foam, and its position on the cell structure. The insertion position in the substrate is
highlighted with yellow coordinate lines to create a three-dimensional (3D) impression
from different views (front view, top view, and side view). The geometry of the sandwich
structure was reconstructed in detail because of the high variability of the internal sandwich
structure and its strong influence on the process outcome. For this purpose, CT scans of
the substrate sample were cut into eight slices in the thickness direction, and the sandwich
geometry was represented as a layered structure with seven levels. At every level, the
honeycomb cell walls were presented in a pattern corresponding to the sandwich structure
in the insertion position (Figure 5).
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Figure 5. Computer tomography (CT) scanned sandwich structure with corresponding insertion
position highlighted with yellow coordinate lines.

The wall thickness (0.5 mm) was measured on the basis of CT scans. The internal
space in each honeycomb cell at every level was filled with a 3D hexagonal prism domain,
depending on the foam volume content in this region. The internal space of the cell
was filled if the CT scan analyses showed that foam occupied more than 50% of the 3D
hexagonal prism volume. Performing simplification of the foam distribution to FEM
geometry allows the consideration of relatively large void areas inside the honeycomb,
neglecting small local variations. The top and bottom composite surfaces were presented
as two-dimensional shell structures defined as the skin of the 3D sandwich domain. The
proposed method, for the simplified representation of a real 3D lightweight structure,
considers non-uniform foam distribution inside the honeycomb with the composite face
sheets, and its block-wise domain allows sweeping of the triangular mesh on the face sheets
through the thickness direction, both of which provide an increased calculation accuracy in
the impact region and reduce computational time.

The model assembly consists of three parts: ultrasonic sonotrode, thermoplastic
pin, and sandwich structure (Figure 6). The sonotrode material is titanium alloy (Ti-
6Al-4V) and is therefore significantly stiffer than the pin. Accordingly, the sonotrode is
considered to be a rigid surface with a shape corresponding to the sonotrode used in
the experiment. The composite face sheets were defined as skins that are bonded to the
surface of the three-dimensional sandwich domain via a tie constraint with consistent
mesh. Skin reinforcements influence contact calculations through the change of contact
penalty stiffness depending on the skin thickness. General contact in ABAQUS/Explicit
was defined for all the external surfaces. General contact enforces contact constraints using
a penalty contact method, which searches for node-into-face penetrations. For node-to-face
contact, forces depend on the penetration distance. They were applied to the slave nodes
to oppose the penetration, while equal and opposite forces act on the master surface at the
penetration point.
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Figure 6. Overview of model assembly (thermoplastic pin, face sheet and internal structure) and resulting mesh with two
node-based boundary conditions.

The pins domain was meshed using 12′647 linear coupled temperature-displacement
tetrahedron elements. The substrate’s domain was meshed using 62′656 linear coupled
temperature-displacement triangular prism elements and composite shells were meshed
with 3′194 triangular elements. Both sandwich and pin domains were meshed using sweep
meshing routine, face sheets were meshed with free triangular mesh. The average volume
of the pin’s elements is 0.95 mm3, of the substrate’s elements is 1.41 mm3 and the average
area of the face sheet elements is 1.24 mm2. Abaqus/Explicit automatically evaluates
the time step on the base of the minimal element size and mechanical properties of the
considered domains. Therefore, proposed finite-element mesh is a result of the compromise
between the simulation accuracy and total calculation time. Defined finite-element mesh
provides an average time step being equal to 2 × 10−8 s, which leads to approximately
25 million iterations for the simulation of 0.5 s of the joining process. The numerical model
was solved using 16 processors within 27 h. Decrease of the average element size leads to
the significant increase of the calculation time, while increase of element size leads to no
solver convergence due to the hour-glassing problem.

3.2. Boundary Condition Reconstruction

The displacement and its derivatives were set to zero and the temperature was set
to 20 ◦C for all domains at the beginning of the simulation. The model contained two
node-based boundary conditions: displacement for the rigid sonotrode and fixed constraint
(zero displacements and rotations) for the sandwich bottom face sheet (see Figure 6). The
vertical displacement of the rigid sonotrode was defined based on the experimental data.
It takes into account the linear displacement of the sonotrode, oscillation frequency, and
amplitude according to the expression

uhorn = uweb + Awebsin(2πωt). (9)

Here, uweb is the vertical displacement of the sonotrode measured by the ultrasonic
system, Aweb is the time-dependent value of the oscillation amplitude, and ω is the oscil-
lation frequency. Displacements in other directions, as well as all the rotations were set
to zero.

3.3. Stress and Temperature Distribution

Figure 7 presents an overview of the resulting thermal-mechanical numerical model.
The material properties are defined according to the experimental studies and are presented
in Appendix A (Table A1). Figure 7a shows the stress distribution in the pin and substrate.
The maximum stresses arise in the pin tips at the end of phase II (maximum stress time

100



Materials 2021, 14, 6005

corresponds to the first reaction force peak time, when the collapse of the face sheet occurs,
see Figure 4) and phase IV (time corresponds to the second reaction force peak, pin reaches
the bottom of the substrate, see Figure 4).

Figure 7. Simulation of the MM-Welding® LiteWWeight® process: (a) stress distribution within the four process phases;
(b) Temperature distribution within the four process phases.

The solution of the heat-transfer equations is shown in Figure 7b. Most of the pins
plastic deformations and friction arise in the tip area owing to the permanent contact
with the substrate during the pins’ movement, which leads to a temperature increase in
that region. Heating of the head of the pin is explained by the friction between the head
and sonotrode internal walls. The simulated temperature distribution corresponds to the
melted areas observed after the process. A detailed comparison between the measured and
simulated temperatures is provided later on.

3.4. Reaction Forces

The reaction force curve represents the main phases of the process (Figure 4). Therefore,
the proposed numerical model should provide the same values of the reaction force as
measured for the corresponding process phase. The sampling rate for the reaction force
evaluation in the simulation was equal to 1/10 of the oscillation period. The reaction force
signal provided by the ultrasonic welder was smoothed by a Gaussian filter, as described
in Figure 3; for the comparison of simulated and measured data, the simulated reaction
force curve was, therefore, smoothed by an identical filter. A comparison of the measured
and simulated smoothed force values with time is presented in Figure 8. The calculated
reaction force provided a reasonable correlation with the measured reaction force both
qualitatively and quantitatively. The oscillations within the numerically modelled force
signal arose from the element deletion criteria.
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Figure 8. Numerically modelled and experimentally measured reaction force of the sonotrode.

3.5. Damage Rate

A ‘partial insertion’ study was performed to measure the destruction rate of the pins
tips on different phases of the process. The destruction rate in the final phase of the
process plays a significant role in the formation of an interlock between the pin and bottom
composite face sheet. A high destruction rate leads to the shortening of the pins body, and
possibly to the situation where the pin does not reach the bottom face sheet and does not
form an interlock, thereby significantly reducing the joint quality. On the other hand, a low
destruction rate could lead to penetration of the bottom face sheet by the tips, which is
unacceptable in terms of the visual appearance.

In the frame of the ‘partial insertion’ study, various collapse lengths were set in a series
of trials. After partial insertion, the pin was pulled out and the reduction in the tip height
was measured. Owing to the strong influence of the internal structure on the process, the
pin lost different percentages of the original tip’s height with the same collapse distance at
different insertion locations. However, in most cases, the pin destruction rate increased
significantly after the upper face sheet collapsed and after reaching the bottom face sheet.
In general, the pin-tip damage rate evolution can be described in four steps:

• Before the upper face sheet collapse (collapse length is 0–1.5 mm): tips were partially
melted and slightly deformed; approximate loss of original tip’s height was 10%.

• After the upper face sheet collapsed (collapse length is 1.5–3 mm): tips were partially
destroyed; approximate loss of original tip’s height was 10–30% depending on local
stiffness under a single tip.

• Before the pins reached the bottom face sheet (collapse length is 3–16 mm), the
destruction rate was slightly increased. Since the substrate (foam) material was much
softer than the pins, the pin did not meet significant resistance during its insertion
through the core of the sandwich structure. However, during this step, the temperature
of the tips increased significantly owing to friction.

• After the pins reached the bottom face sheet (collapse length is 18 mm): the tips lost
most of their original height.

A comparison between the results of the ‘partial insertion’ study and simulation for
the key steps of the joining process is presented in Figure 9. The correlation of the numerical
model and experimental trials, by verifying the damage behaviour during the insertion
process, showed a reliable quantitative result. The simulation of the tip destruction during
the joining process allowed the optimisation of the pin design to provide the maximum
interlocking surface without penetration of the bottom face sheet. The optimisation of the
pins design based on the numerical models is the subject of future studies.
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(a)  (b)  

 
(c)  (d)  

Figure 9. Observed and simulated pin damage rate at various collapse lengths: (a) Collapse length of
1 mm (before face sheet collapse); (b) Collapse length of 2 mm (after face sheet collapse); (c) Collapse
length of 16 mm; (d) Maximum collapse length of 18 mm.

3.6. Hammering Coefficient

The idea of calculating the hammering coefficient is based on the determination of
the contact and non-contact points within the measured signals. With the labelled points,
the proportion can be calculated and referenced as the hammering coefficient. First, both
data arrays (sonotrode and pin) were normalised by polynomial regression. Subsequently,
the signal for clean oscillations was evaluated. The next step was to sum up the distances
between the pin and the sonotrode and divide it by an averaged value. Then, the ‘contact’
and ‘non-contact’ points were defined and the occurrence was calculated. The hammering
coefficient was evaluated by dividing both the sums. To date, this approach is the most
robust and repeatable method.

Evaluation of the hammering coefficient is an important step in understanding
sonotrode-pin interactions during the process. For the experiment, the hammering coeffi-
cient was evaluated using the MATLAB tracking algorithm, as described in the experimen-
tal methods. The hammering coefficient was also evaluated on the basis of the simulated
reaction force. When the reaction force is equal to 0, there is no contact between the pin and
sonotrode. The hammering coefficient value within the current time range can be evaluated
as the ratio of non-zero force values to the total amount of force values. A comparison
between the measured and simulated hammering coefficients is shown in Figure 10. The
MATLAB tracking algorithm is not able to measure the hammering coefficient for the
whole process, since no oscillations were existing before 0.05 s, and most of the tracking
points were covered by the substrate and were not observable with the high-speed camera
after 0.25 s.
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Figure 10. Hammering coefficient calculated on base of MATLAB point tracker and FEM.

Both FEM and MATLAB tracking algorithms show that after the ultrasonic vibrations
started, the hammering coefficient was close to 1 (full contact) with small local reductions.
The local hammering coefficient predicted by the FEM and MATLAB tracking algorithms
did not always correlate with each other. This could be explained by the limited accuracy of
the implemented methods (coarse finite-element mesh or low resolution of the high-speed
camera) or by the inaccuracy of the substrate geometry reconstruction since local variation
in the substrate’s foam content plays a significant role in the pins’ movement.

3.7. Temperature Distribution

Abaqus allows the consideration of heat from plastic deformation and friction. The
Abaqus results for temperature are presented in Figure 11. In the current study, no direct
temperature measurements were possible based on the fast process. Temperature measure-
ments were performed immediately after insertion (the pin was pulled out shortly after the
insertion and temperature was measured in several pin regions) for the comparison of the
temperature distribution in the experiment and simulation. The difference between the
experiment and simulation could be explained by the time elapsed from the insertion end
to the measurement. During this time, temperature redistribution within the pin domain
occurred and free convection with the room environment cooled the pin. However, spatial
distribution of the temperature in the simulation was close to that in the experiment, and
the pins head in experiment had signs of melting, which meant that the temperature there
was higher than 240 ◦C during the joining.

Figure 11. Temperature measurement after the insertion and pulling out and simulated temperature
after the insertion.
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The temperature increase due to the elastic deformations was calculated using Equa-
tion (5) for the heat from the ultrasonic energy dissipation. According to this equation, the
temperature grew only by about 0.1 degree after 0.5 s, which was significantly lower than
the heat from the plastic deformations and friction and was, therefore, neglected in further
calculations of the degree of interlock.

3.8. Connection Quality Evaluation

Figure 12a shows a one-dimensional representation of the surface roughness of the
pins, resulting in Rz = 6.44 μm and Ra = 0.93 μm. The measurements were used to
calculate the degree of interlock. Therefore, the approximated proportion a0/b0 = 0.3 was
extracted for use in Equation (8). Furthermore, Figure 12b presents the frequency- and
temperature-dependent viscosity measurements of the PA66 GF30 pin material.

Figure 12. (a) One−dimensional surface roughness measurement on the ‘connecting’ surface of
the pin; (b) Frequency- and temperature-dependent viscosity measurement of the pins material
PA66 GF30.

The sonotrode boundary conditions were reconstructed for every setup on the basis of
the exported data according to Equation (9). Since Abaqus software does not support the
calculation of the connection quality, a MATLAB routine was developed for the evaluation
of the degree of interlock on the base of thermal and stress distribution exported from the
finite-element model. Thus, the Abaqus solution for the temperature and pressure was
exported for every finite element (except the head region and elements that were destroyed
during the process) for every time step starting from the Phase III (after pins vertical
movement slows down), and implemented into Equation (8) for the degree of interlock.
According to the simulated and experimentally-observed temperature distributions, only
the tip and energy director area of the pin were subjected to melting. Therefore, only a
small percentage of all nodes reached a fully interlocked state (Dic = 1). The degree of
interlock distribution among the defined nodes is presented in Figure 13 with a smoothed
probability density function.
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Figure 13. Degree of interlock distribution among nodes for the performed setups.

The calculated average degrees of the interlock and measured pullout forces are pre-
sented in Table 2. Experimental trials show that the process did not depend significantly
on the small variations in the parameter setup. Only the ‘Low Amplitude’ configuration
demonstrated significant (10%) reduction of the average pullout force, while other setups
demonstrated small (1–3%) variation of the pullout force in comparison with the ‘Refer-
ence’ setup. The developed numerical model predicted 16% reduction (vs. 10% for the
experimental trials) of the average pullout force for the ‘Low Amplitude’ setup, which
was considered a reasonable agreement with the experiment. Nevertheless, the numerical
model was not able to predict a small (3%) reduction in the average pullout force for
the ‘Fast’ setup. It also predicted a small (4%) reduction in the average pullout force for
the ‘High Amplitude’ setup, while the experiments showed a small increase (1%). The
developed numerical model predicted only a significant change in the average pullout
force depending on the process setup. Therefore, the proposed numerical approach can
be used to define the process setup in the case of new pin or substrate designs, where
significantly different setups must be tested, although the model was not able to track the
changes in the final joint quality within the small variation of the parameter setup. Thus, a
prediction accuracy between 94–99% depending on the setup was achieved.

Table 2. Measured pullout forces and corresponding simulated average degree of interlock (DIC).

Setup
Average Pullout Force
(% to Reference Value)

Average Degree of Interlock
(% to Reference Value)

Reference 530.2 N (100%) 0.3762 (100%)
Slow 525.83 N (99%) 0.3824 (101%)
Fast 511.76 N (97%) 0.3790 (101%)

High Amplitude 534.43 N (101%) 0.3600 (96%)
Low Amplitude 477.8 N (90%) 0.3166 (84%)

4. Conclusions

In this study, the MM-Welding® LiteWWeight® technology was presented, and a
thermo-mechanical numerical model that predicts the joining quality was developed.
Based on the results obtained, the following conclusions can be highlighted:

• Material properties of the pin and sandwich were defined using various experimental
measuring techniques.

• The geometry in the numerical model was reconstructed based on computed tomography
scans to ensure identical process conditions, pin position, and local foam distribution.

• The numerical model successfully calculated the damage rates and heat from friction
and plastic deformations of the pin and sandwich structures.
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• The model was verified and validated based on comparative experiments.
• The routine for the prediction of the connection quality from the finite-element model

temperature and stress distribution was derived based on the degree of the interlock
approach, which only showed reasonable agreement for significantly different process
setups resulting in a prediction accuracy between 94–99%. Despite this fact, the
methodology applied suits the potential for lowering the effort towards new pin and
sonotrode materials.

• The numerical simulation and data analyses conducted during the process enabled
the discrimination and identification of critical process and design features, such as
hammering, damage rate or reaction force.

Presented results will not only accelerate process development cycles, but also pro-
vide the potential for an advanced online process quality monitoring system. Predictive
capabilities of the developed model enable the possibility of numerical-based processes
and pin geometry optimization, which is the focus of the future studies.
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Appendix A

Table A1. FEM material definitions and contact properties.

Domain/Surface Pin Face Sheet Honeycomb Cell Foam

Element type

A 4-node thermally coupled
tetrahedron, linear

displacement
and temperature

A 3-node thermally coupled
triangular thin shell, finite

membrane strain.

A 6-node thermally coupled
triangular prism, linear

displacement,
and temperature.

Density [tonne/mm3] 1.34 × 10−9 1.7 × 10−9 1.3 × 10−9 1.15 × 10−9

Elastic modulus E [MPa]

Elastic modulus
[MPa]/Temperature [K]

5500/303; 4051/323;
2357/348; 2085/373;
1784/398; 1587/423;
1314/473; 487/533

4550 400 300

Poisson’s ratio ν [1] 0.35 0.35 0.33 0.2

Plastic properties

Stress σ [MPa]/Strain ε [1]
5/0; 10/0.005;

20/0.007; 30/0.01; 40/0.015;
50/0.017; 60/0.02; 70/0.025;
80/0.027; 90/0.03; 100/0.04;

110/0.045; 120/0.06; 130/0.07;
150/0.1

-
Stress σ[MPa]/Strain ε [1]

30/0
55/0.39

Stress σ[MPa]/Strain ε [1]
25/0

30/0.39
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Table A1. Cont.

Domain/Surface Pin Face Sheet Honeycomb Cell Foam

Damage criteria Ductile: displacement criteria Hashin Ductile: displacement criteria Ductile: displacement criteria

Damage initiation

Equivalent plastic strain:
Initiation strain [1]/

Temperature [K]
0.5/300
0.4/400
0.3/500

Tensile strength in the fibre
direction XT/Compressive

strength in the fibre direction
XC/Tensile strength in the

transverse direction
YT/Compressive strength in

the transverse direction
YC/Longitudinal shear

strength SL/Transverse shear
strength ST

138/80/138/80/100/100

Initiation strain [1]: 0.5 Initiation strain [1]: 0.5

Damage evolution Effective plastic
displacement: 0.4 Energy: 1 × 10−9 Effective plastic

displacement: 0.001
Effective plastic

displacement: 0.001

Thermal conductivity
[W/mm/K]

Conductivity
[W/mm/K]/Temperature [K]

0.36/300
0.5/400
0.6/500

0.1 0.1 0.1

Specific heat [J/K/tonne] 1.5 × 109 1 × 109 1 × 109 1 × 109

Inelastic heat fraction ηpl [1] 0.75 - 0.75 0.75

Friction coefficient μ f r [1] 0.5

Fraction of frictional
work η f r [1] 1

Contact stiffness [MPa] 850
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Abstract: The joining of composites mostly relies on traditional joining technologies, such as film
or paste adhesives, or mechanical fasteners. This study focuses on the appealing approach of
using standard thermoplastic welding processes to join thermosets. To achieve this, a thermoplastic
coupling layer is created by curing with a thermoset composite part. This leads to a functional
surface that can be utilized with thermoplastic welding methods. The thermoplastic coupling layer
is integrated as a thin film, compatible with the thermoset resin in the sense that it can partially
diffuse in a controlled way into the thermoset resin during the curing cycle. Recent studies showed
the high affinity for the interphase formation of poly hydroxy ether (phenoxy) film as coupling
layer, in combination with a fast-curing epoxy system that cures within 1 min at 140 ◦C. In this
study, an investigation based on resistance and ultrasonic welding techniques with different testing
conditions of single-lap shear samples (at room temperature, 60 ◦C, and 80 ◦C) was performed.
The results showed strong mechanical strengths of 28.9 MPa (±0.7%) for resistance welding and
24.5 MPa (±0.1%) for ultrasonic welding, with only a minor reduction in mechanical properties up
to the glass transition temperature of phenoxy (90 ◦C). The combination of a fast-curing composite
material with an ultra-fast ultrasonic joining technology clearly demonstrates the high potential
of this joining technique for industrial applications, such as automotive, sporting goods, or wind
energy. The innovation allowing structural joining performance presents key advantages versus
traditional methods: the thermoplastic film positioning in the mold can be automated and localized,
joint formation requires only a fraction of a second, and the joining operation does not require surface
preparation/cleaning or structure deterioration (drilling).

Keywords: phenoxy; welding technology; interphase; ultrasonic welding; weld properties;
advanced composites

1. Introduction

Reliable and cost-effective joining technologies for fiber-reinforced composite ma-
terials provide a great potential to significantly reduce weight, fuel consumption, and,
consequently, CO2 emissions [1–5]. Therefore, it is essential to develop and implement
new joining technologies to further improve the manufacture and assembly of structural
composite parts. The use of thermoplastic joining processes has certain benefits in joining
thermoset composite structures. So far, joining similar and dissimilar composite has mostly
relied on traditional joining technologies such as adhesive bonding or mechanical fasteners,
which both have distinct drawbacks. Joining with adhesives results in high costs and
long process times, whereas mechanical fasteners introduce weakness into the structure
(stress concentrations) due to the necessity of drilling holes, where the continuous fiber
reinforcement is disrupted. In contrast, thermoplastic welding offers the unique ability
of melting and reprocessing compared to thermosets, which cannot be re-melted after
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cross-linking. Additionally, thermoplastic welding allows for fast processing speeds with-
out significant surface preparation efforts, resulting in strong and dependable mechanical
performance [4,6].

Within the last three decades, thermoplastic welding processes have become increas-
ingly interesting in research, as well as for use in industry moving towards primary struc-
tures in aerospace [1]. Here, resistance welding [6–12], induction welding [1,2], ultrasonic
welding [6,13–16], and laser welding [6] have proven their potential as reliable joining
technologies. Since 2001, the glass fiber-reinforced polyphenylene sulfide (PPS) J-Noses
for the Airbus A340-500/600 and A380-800 are resistance-welded in series production,
resulting in a weight reduction of greater than 20% [17,18]. In 2010, Fokker Aerostructures
designed and developed the Gulfstream G650 tail section and industrialized the induc-
tion welding method for the rudder and the elevator using carbon fiber-reinforced PPS,
reducing the weight of the components by 25% compared to traditional materials [12,19].
Within the EU’s CleanSky 2 program, ultrasonic welding was utilized to spot-weld short
fiber-reinforced thermoplastic clips to the skin and stringers of a multifunctional fuselage
demonstrator [20,21]. Furthermore, MM-Welding® has presented innovative fastening
techniques to create cost-effective joining of fixation elements in differently structured ma-
terials (porous materials, sheet structures, sandwich materials, injection-molded materials,
and pressure moldings) via ultrasonic energy in the automotive field [22,23]. Recently,
robotic-based, continuous welding of thermoplastic structures was introduced at DLR
Augsburg [24], showing the potential towards the energy-efficient automation of welding
processes. Each technology has shown distinct limitations, such as resistance welding often
using a metal wire mesh, which is ideal for insulating materials, such as glass fibers, but
leads to energy leakage with carbon-reinforced composites due to conductivity [12]. The
above-mentioned applications focused on thermoplastic composites for high-performance
applications using materials such as fiber-reinforced PPS, polyetheretherketone (PEEK),
polyetherketoneketone (PEKK), polyaryletherketone (PAEK), and polyetherimide (PEI).
However, an interesting question is whether it is possible to also apply welding to dissimilar
composites, e.g., thermoplastic and thermoset composite combinations, as a composite-
friendly alternative to current assembling procedures. Here, the attractive concept of
using the thermoplastic welding process for thermosets was introduced [25] by including a
thermoplastic-rich layer during the curing process of a thermoset composite. The so-called
thermoplastic coupling layer acts as a functionalized, or ‘weldable’, surface (see Figure 1).

Figure 1. Concept of weldable hybrid joints based on a fast-curing epoxy composites with an
integrated poly hydroxy ether (phenoxy) coupling layer.
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The affinity between thermoset and thermoplastic is the crucial element for creating
joints with high strength [13,26–28]. A gradient interphase forms between the reactive
epoxy resin and the thermoplastic material, whereby the two components partially dissolve,
diffuse, and, finally, decompose due to a reaction-induced phase separation [29–31]. The
overall composition or cross-link density of the material varies from location to location at
the macroscopic level [32]. The decomposed morphology enables strong mechanical inter-
locking for subsequent load transfer [28]. Recent studies have proposed PEI as a suitable
candidate for interphase formation in aerospace-related applications [9,13,26,28,30,33–35].
In a previous study, an identical concept was applied to automotive-related applications
with a fast-curing epoxy system (Araldite LY3585/Aradur 3475) [27]. It was possible to
establish an interphase between poly hydroxy ether (phenoxy) and the fast-curing epoxy
system within a fraction of a minute, leading to a high mechanical performance of single-lap
shear samples joined by resistance welding, with an average strength of 25.3 MPa [27].
For automotive applications, comparable structural adhesives are listed in Table 1. The
comparison between structural adhesive bonding and thermoplastic welding strengthens
the potential of the latter. Therefore, the joining of thermosets via a phenoxy boundary layer
is a reliable, cost-efficient technique, which offers the possibility of creating lightweight
design concepts.

Table 1. Comparison of commercial structural adhesive solutions utilized in the automotive in-
dustry (GFRP = glass fiber-reinforced polymer; CFRP = carbon fiber-reinforced polymer, LSS = lap
shear strength).

Structural Adhesive Curing Condition Adherend
Testing

Temperature
LSS (MPa)

SikaPower® 1200 [36] 4 h at 70 ◦C GFRP 23 ◦C 20
3M™ Structural

Adhesive SA9820 [37]
24 h at RT followed
by 30 min at 170 ◦C Aluminum 23 ◦C 20

3M™ Structural
Adhesive SA9820 [37]

24 h at RT followed
by 30 min at 170 ◦C Aluminum 80 ◦C 13

Araldite® 2012 [38] 16 h at 40 ◦C CFRP 23 ◦C 14.5
SikaPower®-1277 [39] 2 weeks at 23 ◦C Steel 23 ◦C 28

Within this study, an investigation using a fast-curing epoxy resin and phenoxy
was conducted with resistance and ultrasonic welding techniques whereby the lap shear
strength (LSS) was evaluated using single-lap shear tests with different testing conditions
(at room temperature, 60 ◦C, and 80 ◦C). In addition, the failure mechanism of fractured
samples combined with optical microscopy of the microstructure was analyzed. The
objective was the adaptation from lab-scale trials to industrial-scale manufacturing methods
utilizing dynamic fluid compression molding (DFCM), which is an efficient compression
molding process whereby a one-shot phenoxy film integration was tested.

2. Materials and Methods

2.1. Materials

Phenoxy polymers are commercially available in different forms such as emulsion,
powders, films, and granulates. In this study, the phenoxy grade PKHH (Huntsman
Advanced Materials, Basel, Switzerland), a grade for extrusion, was selected as the most
promising candidate for welding processing. The structure of this polymer (Figure 2) shows
amorphous thermoplastic properties, such as rigidity, thermal and chemical stability, and
adhesion strength. The rigidity and thermal stability result from the aromatic compounds
(marked in blue), the chemical stability of the oxygen atoms in the main chain (marked in
yellow), and the adhesion strength of the hydroxyl groups (marked in green). The PKHH
material has a molecular weight of 52,000 g/mol [40], and compared to available phenoxy
resins, such as PKHB (32,000 g/mol) and PKFE (60,000 g/mol), it is positioned in the upper
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range [40]. Two different film thicknesses (75 μm and 125 μm) were used for parametric
studies and were supplied by Huntsman Advanced Materials, Basel, Switzerland.

Figure 2. The polymer structure of poly hydroxy ether (phenoxy).

In this study, an epoxy resin system (Araldite LY3585/Aradur 4375) provided by
Huntsman Advanced Materials (Basel, Switzerland) was used. The system is widely
applied in the mass production of structural automotive components and is notable for its
short curing cycles and final glass transition temperature of approximately 120 ◦C. The
mentioned system is typically used for high-pressure resin transfer molding (HP-RTM),
wet compression molding, and dynamic fluid compression molding (DFCM) applications,
with a curing cycle of 2 min at 115 ◦C and 1 min at 140 ◦C, respectively. The DFCM
process combines the speed of wet compression molding with the quality of HP-RTM
without sacrificing geometric complexity [41,42]. With the usage of vacuum and dynamic
mold pressure, void-free impregnations are achieved [41]. The epoxy resin system is
based on bisphenol-A-diglycidylether as resin and 1,3-cyclohexanedimethanamine and
methyldiethanolamine as hardeners. A kinetic model has been developed by the authors
using the modified Kamal-Sourour model to describe the curing process [27], which will
also be used in this study.

2.2. Manufacturing Methods

Composite plates were manufactured using the DFCM process. The plates were cured
for 1 min at 140 ◦C, resulting in a part production time of 1.5 min. The process consisted
of the following steps: First, the mold was heated to 140 ◦C. Second, the defined amount
of resin mix was spread onto the preform, outside of the mold. Third, the preform (with
the resin mix on top) was placed into the mold. Fourth, the mold was partially closed,
and the vacuum was drawn. After 10 s, the mold was fully closed, and after an additional
60 s of curing with an applied pressure of 30 bars, the mold was opened, and the part
was removed. The laminate consisted of two main types of fabrics: two layers of a canvas
weave, glass fiber fabric with an aerial weight of 200 g/m2 (0/90, Porcher Industries,
Erbach, Germany) as outer layers, and six layers of a glass fabric with a higher aerial
weight of 600 g/m2 (EBX 600, 45/−45, Saati Composites, Appiano Gentile, Milano, Italy)
as inner layers. Thus, two different layups were used, with the labeling L1 (0/−90GF200,
45/−45GF600, −45/45GF600, and 45/−45GF600)s and L2 (45/−45GF600, −45/45GF600, and
45/−45GF600)s. Glass fiber fabrics were selected because they allow a clear visual inspection
of the sample after manufacturing, joining, and testing. Different types of fabrics were
chosen, as the weave pattern significantly influences crack propagation and LSS [7,43].
The mold dimension was 530 × 530 mm2, which theoretically results in approximately
95 single-lap shear coupons.

The sensitive element of the manufacturing was the introduction of the thermoplastic
film into the process in a reliable, robust way that could be later adapted by industrial-
ization. Thus, the thermoplastic coupling layer was added on the lower side of the tool
with a thickness of 125 μm, which provides material for interphase formation (approxi-
mately 13 μm at a 100 ◦C curing temperature [27]) and welding. It was assumed that the
considerably small thickness of the phenoxy film does not influence the residual stress of
the laminate stacking sequence. The phenoxy film was partially integrated in joining areas
(Figure 3) at positions where an actual welding was later conducted (applying the right
material in the right place). In this study, the phenoxy film was directly taped into the mold
before the mold was heated up.
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Figure 3. Schematic lap shear coupon array with partial integration of the poly hydroxy ether
(phenoxy) film on the lower tooling side.

2.3. Welding and Test Methods

Two welding methods, namely, resistance welding and ultrasonic welding, were used
and compared in this study. The welded joints were mechanically tested following the
ISO 4587 standard using a Zwick 100 kN universal tensile test machine (Zwick Roell,
Ulm, Germany) with a testing speed of 2 mm/min to determine the apparent LSS. The LSS
was calculated as the maximum load divided by the overlap area. No surface preparation
of the overlapping area was applied. As phenoxy grades are sensitive to water absorption,
the samples were dried for 5 h at 80 ◦C [42]. Furthermore, fractured specimens were
analyzed by visual examination of the fracture area according to DIN EN ISO 10365. First,
a comparative study was performed with resistance and ultrasonic welding, whereby the
process parameters were iteratively optimized to achieve maximum mechanical properties.
Here, both welding methods have been assessed by determining of the LSS at room
temperature, followed by an analysis of the fractured area. Second, the ultrasonic-welded
samples were tested at higher temperatures (at 60 ◦C and 80 ◦C). The testing temperatures
were chosen due to their relevance in the automotive fields, as well as to test the limit of
mechanical performance below the glass transition temperature of phenoxy (~91 ◦C). For
each parametric configuration, five samples were welded and tested.

2.3.1. Resistance Welding

The custom-built resistance welding setup, developed in a previous study [8], was
used to join single-lap shear test specimens. The welding process parameters were experi-
mentally optimized in a preliminary study resulting in a power of 25 kW/m2, a pressure of
1 MPa, and a total welding time of 80 s, followed by 180 s of cooling time while the pressure
was maintained. Detailed investigations of the process parameters coupled with in-situ
process monitoring were described in [8,27]. Further, a stainless steel heating element with
a wire diameter of 36 μm, a mesh size of 50 μm, and an open area of 33.8% was used [27].
The heating elements were cut to dimensions of 12.5 mm wide and 50 mm long.

2.3.2. Ultrasonic Welding

In this study, a pneumatic-driven ultrasonic welder (Branson 2000Xc, Emerson Au-
tomation Solutions, Baar, Switzerland) was used. The equipment monitored force, displace-
ment, amplitude, frequency, and energy, with a sampling rate of 100 Hz. A rectangular
sonotrode made of titanium alloy (Ti-6Al-4V) with a welding area of 19 × 38 mm2 was used.
The sonotrode has a gain factor of 1.5, resulting in a maximum amplitude of 76 μm at 100%
power output. The optimal process settings for ultrasonic welding were experimentally
determined in a preliminary study, resulting in the following parameters: trigger force,
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50 N; ultrasonic active, 0.5 s; amplitude, 100%; weld pressure, 250 kPa; hold pressure,
350 kPa; hold time, 2 s; and operating frequency, 20 kHz. The hold process after welding
was important to ensure an ideal consolidation quality by cooling the joining area.

One method to generate controlled heat in the welding zone is to introduce energy
directors in the ultrasonic welding process to concentrate the heat generation within the
boundary of the two constituents through a combination of surface friction and viscoelastic
heating [44]. For all the welded joints, a 75 μm thick, flat phenoxy energy director was
used to concentrate heat generation at the welding interface. Flat energy directors are
neat resin films with a slightly larger size of 30 × 30 mm2 compared to the joining area.
The films were placed between the adherends before welding. Flat energy directors led to
similar results compared to more traditionally molded energy directors [13,45–47]. Recent
studies analyzed energy director-less joints compared to flat energy directors, whereby
a significant reduction of LSS was apparent [33]. Furthermore, the influence of the final
weld line thickness between the two adherends on the resulting LSS is significant, and it
is comparable to traditional adhesive technology. It has been shown experimentally by
many authors that the joint strength decreases as the weld line thickness increases due to
the introduction of bending stresses [7,48,49]. Consequently, there is an optimum value of
weld line thickness for which the LSS is maximized. Therefore, a second energy director
thickness of 125 μm was used for one configuration of ultrasonic welding.

3. Results and Discussion

3.1. Analysis of Phenoxy Film Integration during Manufacturing

Figure 4 presents the concept of the one-shot phenoxy film integration before and after
the preheating phase of the DFCM process. The fixation of the film was achieved by using
a temperature-resistant tape that secured any movement in plane direction. During the
heat up of the mold to the temperature of 140 ◦C for the DFCM process, the film was stable
in position, without shrinkage effects (see Figure 4b). Furthermore, no overflow of resin on
the welding surface was visible.

Figure 4. One-shot phenoxy film integration during the preheating phase of the dynamic fluid
compression molding (DFCM) process. (a) Placement of the phenoxy film in the tooling at room
temperature. (b) Preheating of the tooling to a defined curing temperature of 140 ◦C.
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After curing the composite plate, the phenoxy film was fully integrated in the ther-
moset glass fiber-reinforced polymer (GFRP) part, showing no indication of separation and
no change in position or distortion from the vacuum, and therefore demonstrating the high
affinity of the two components [27]. Despite the high curing temperature, and thus the fast
polymerization of the thermoset within less than 1 min, the phenoxy film partially dissolved
and formed an interphase with the epoxy resin, as shown in [27] with Raman spectroscopy.
The actual time for interphase formation is much less than 60 s, as the highest diffusion rate
prevails in the beginning of the curing. As the chain mobility reduces with a higher degree
of curing, the diffusion rate drops rapidly, eventually leading to the maximum interphase
thickness within the first 10 s of curing [28,30,31,50]. Voleppe et al. [51] showed that the
penetration at the front of the thermoset continued beyond phase separation, whereby both
mechanisms overlapped. The measurement of the phenoxy coupling layer was 85 μm after
curing (see Figure 5), whereas the nominal film thickness prior to curing was 125 μm. The
actual thickness after curing cannot be measured by optical microscopy as the contrast
between the two components is not sufficient to provide clear distinction due primarily
to their similar chemical structure, as both phenoxy and the epoxy systems are based on
bisphenol A, which results in a similar optical appearance and spectroscopy response [27].
The layup resulted in an average laminate thickness of 3.05 mm with a standard deviation
of ±3%. The quality was consistent for all four manufactured plates, with the absence of
porosity and a constant fiber volume content. The cross-sections shown in Figure 5 present
the similar appearances of the interphase shown in [27]. Furthermore, no porosities were
found within the phenoxy/GFRP interphase.

Figure 5. Cross-sectional optical micrographs and visual appearance of the phenoxy/GFRP plate
samples: X: Optical representation of the phenoxy coupling layer showing a high affinity to the epoxy
resin; Y: Resulting transition between the cured epoxy resin and the integrated phenoxy coupling
layer; Z: Visual appearance of the ‘weldable’ and ‘non-weldable’ surface on a phenoxy/GFRP sample.
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3.2. Welding and Evaluation of Mechanical Performance

In the following section, the welding results are presented. First, exemplary online
process monitoring results for the ultrasonic (Figure 6a) and resistance welding (Figure 6b)
processes are shown to provide insight into the welding process. In a second step, the
visual appearance is compared. Third, the results of the mechanical tests are shown by
analyzing the fracture surface, shear stress-displacement curves, and the resulting LSS.
For the resistance welding, a welding pressure of 1 MPa was selected. During the process,
the phenoxy was heated by the Joule effect [9–11]. After reaching the glass transition
temperature of approximately 90 ◦C, the phenoxy interlayer starts to soften. Reaching
the glass transition point is visible in a drop of applied pressure after 20–30 s. The total
welding time was 80 s, with a further consolidation during cooling for 180 s. Therefore,
the total process time was around 260 s. In comparison to the resistance welding process,
the ultrasonic welding process was faster with a total time of 3 s. In this case, the welding
process takes 0.5 s using an amplitude of 76 μm, followed by a consolidation time of 2 s.

Figure 6. Comparison of online process monitoring for both thermoplastic welding processes.
(a) Force, amplitude and displacement of the designated ultrasonic welding process sampled at
100 Hz. (b) Pressure and power of the designated resistance welding process sampled at 100 Hz.

Both welding technologies were optimized successfully with proper visual appearance
of the samples (see Figure 7a). Only a slight flow of the thermoplastic material was
apparent for both resistance and ultrasonic welding. For ultrasonic welding with the 75 μm
thick energy directors, the final weld line thickness was approximately 118 μm with a
standard deviation of 7 μm (±6.5%). Thereby, the weld line quality was satisfactory and
consistent, with only minor porosities for samples joined by ultrasonic welding, and it
was comparable to other research [13,52]. The micrographs underline the ideal process
parameters and settings to exploit the full potential of the joining technology. Single-lap
shear joints are prone to peel stresses and excessive shear stress on the tip of the weld
line [49,53]. Consequently, excessive material that was squeezed out of the joining area
during welding was removed before testing, primarily due to maintaining a consistent
joint design throughout the joined coupons because the fillets formed by the squeeze flow
did not show the exact characteristic for each weld performed.
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Figure 7. (a) Visual appearance of the ultrasonic- and resistance-welded lap shear coupons. (b) Micro-
polished cross-section of lap shear coupon joined by ultrasonic welding.

The samples were tested to derive the LSS. In Figure 8, the tested samples are presented
in detail to highlight the different failure types. As visible, the failure types were consistent
for all samples where the failure occurred mostly within the GFRP (adherend) and not as
an adhesive or cohesive failure. This confirms that the process parameters were selected
properly for both welding methods. In the case of too low temperatures, this would lead to
a cohesive failure between the samples. In the case of too high temperatures, this would
lead to a color change (thermal degradation) of the welded zone and to an adhesive failure.
In the thermogravimetric analysis measurement published in [54], the thermal stability
of phenoxy was characterized by showing an onset of decomposition at 340 ◦C. It was
observed from the results that the dominant composite failure is the ideal case because
the joining area is stronger than the composite itself. Figure 7 supports this argument,
as no porosities or other defects were present in the optical micrograph of the sample
cross-section. Furthermore, there were only minor unwelded areas detected within the
overlap, which eventually explains the drop in LSS of some samples at higher testing
temperatures.

Figure 8. Exemplary fractured samples for (a) ultrasonic welding and (b) resistance welding.
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In Figure 9, the shear stress-displacement curves are shown for the two welding
methods. It is visible that both welding methods show a linear, consistent behavior until
15 MPa. After this, failure of the specimens starts. The typical failure is not brittle, and it
seems that the damage tolerance is higher compared to the typical failure of an adhesive-
bonded specimen [48,49].

Figure 9. Comparison of stress versus displacement depending on the welding method (RW = resistance
welding and UW = ultrasonic welding), layup, energy director, and testing temperature.
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Table 2 illustrates the average LSS between two welded phenoxy/GFRP coupons with
their respective thermoplastic boundary layers for resistance welding (RW) and ultrasonic
welding (UW). Using resistance welding, the maximum shear strength was 28.5 MPa
with a standard deviation of 2.3 MPa. The comparable ultrasonic welded specimens (L1,
75 μm, 25 ◦C) failed at 23.8 MPa with a standard deviation of 0.6 MPa. In comparison,
the resistance-welded samples have a 19% higher strength, which was explained by the
incorporation of the steel mesh that acts as a reinforcement. The mesh improves the shear
strength because it influences the crack propagation, whereby micro-cracks are deflected [7].
As is visible in the results, the thickness of the phenoxy layer (energy director) has only a
minor influence on the shear strength, especially because the final weld line thickness is
more influenced by the pressure applied during the weld (with dependency on squeeze
flow). Both 75 μm and 125 μm energy directors led to a similar weld line thickness between
110–120 μm. In [27], it was shown by hot stage microscopy and Raman microscopy that
for isothermal curing conditions at 100 ◦C with similar materials results in an interphase
with a thickness of 13 μm with a linear concentration gradient. Furthermore, the change in
layup (L1, L2) shows a significant drop in apparent LSS as the propagation of micro-cracks
depends on the weave pattern located on the outer layer of the composite.

Table 2. Resulting lap shear strength (LSS) depending on welding technology (RW = resistance
welding, UW = ultrasonic welding), layup, energy director, and testing temperature.

Welding Layup
Energy

Director
Testing

Temperature
LSS (MPa)

Standard Deviation
(MPa)

RW L1 - 23 ◦C 28.5 2.3
UW L1 75 μm 23 ◦C 23.8 0.6
UW L1 125 μm 23 ◦C 24.4 0.4
UW L2 75 μm 23 ◦C 20.8 2.2
UW L1 75 μm 60 ◦C 20.1 2.4
UW L1 75 μm 80 ◦C 18.3 3.3

In a second step, ultrasonic-welded samples were tested at 60 ◦C and 80 ◦C. The glass
transition temperature of the utilized phenoxy grade PKHH is 91 ◦C (further data about the
temperature-dependent stiffness was published in [54]). In [54], three-point bending tests
using a DMA Q800 (Dynamic Mechanical Analysis) were performed on a phenoxy PKHB
sample. The results have shown a very linear decrease of the storage modulus until the
glass transition onset of 91 ◦C was reached [54]. The resulting LSS was influenced by the
temperature but remained at a considerable high strength, with minor reductions for 60 ◦C
(3.4%) and 80 ◦C (12%). Here, small defects within the welding interface, such as unwelded
areas or weld line thickness inconsistency, became more severe and eventually resulted
in a higher scattering of the apparent maximum LSS. In comparison to the tests at room
temperature, the displacement at maximum shear strength slightly increased at higher
testing temperatures due to the more ductile behavior of the welding area. Furthermore, it
was possible to allocate small, unwelded areas within the samples ‘UW-L1-75-80-04’ and
‘UW-L1-75-80-05’, which provides a reasonable explanation for the drop in maximum LSS
compared to the other samples tested at 80 ◦C.

4. Conclusions

In this paper, the experimental assessment of the manufacturing and mechanical char-
acterization of phenoxy/GFRP hybrid joints based on ultrasonic and resistance welding
was presented. Besides the successful phenoxy film integration during manufacturing, dif-
ferent welding configurations were analyzed: influence of welding method on mechanical
performance, effect of weave pattern on lap shear strength (LSS), and reduction of LSS with
increased temperature. The analysis of the results can be summarized as follows:

• Integration of the phenoxy coupling layer in the composite structure was carried out
in one shot during the used compression molding process, which means no additional
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energy or process step is required. The integration of the film was robust and, even
in the compression-molding process with high-pressure gradients, no movement of
the film occurred. Furthermore, no overflow of resin on the welding surface was
visible and no visible shrinkage of the film during heating to the curing temperature
of 140 ◦C appeared.

• In this study, it was presented that a strong connection between phenoxy and epoxy
resin can be reached, even for very fast curing systems, with a curing time of 1 min at
140 ◦C.

• Lightweight joining technology with a robust ultrasonic welding process, a high
average LSS of 24.4 MPa, and a standard deviation of 0.4 MPa have been achieved.
The process time for welding was about 3 s, which is remarkable for the joining of
a thermoset composite part. Based on the very linear storage modulus dependency
on temperature of the phenoxy until the glass transition temperature (onset of 91 ◦C),
the LSS of samples tested at 60 ◦C and 80 ◦C showed considerably high LSS results of
20.1 MPa and 18.3 MPa, respectively.

• Very short welding process times of 3 s for ultrasonic welding and 260 s for resistance
welding with damage-tolerant joint design were reached, in comparison to state-of-
the-art, epoxy-based adhesives. The welding process is surface-tolerant, which means
no preparation is necessary. Furthermore, the proposed joining technology can be
easily controlled and automated, and it is therefore adaptable for mass production.

• The use of thermoplastic as a joining material reduces the exposure of workers to
chemicals (reactive adhesives). Furthermore, the thermoplastic coupling layer reduces
the overall weight in comparison to mechanical fasteners and allows de-assembling
possibilities. Due to all these factors, the overall environmental impact is reduced.

The performed study highlights the potential of welded hybrid joints based on a
fast-curing epoxy composite with an integrated phenoxy coupling layer, as well as their
application in the fields of general transport, wind energy, or sporting goods. In addition
to the achieved results, there remain points that should be addressed in further studies,
such as the long-term effects on fatigue, creep behavior, and humidity, to clarify the full
potential of these weldable hybrid joints.
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Abstract: Welding via bond exchange reactions has provided advances in obtaining high-quality
joining performance. However, the reported welding method requires a relatively high press force,
and challenges are still encountered in welding hard vitrimer. In this work, a facile surface de-
polymerization strategy was introduced to weld high-performance epoxy vitrimer. The vitrimers
were firstly dissolved into ethylene glycol for depolymerization based on the solvent-assisted bond
exchange reactions. Then, the depolymerized vitrimers were welded under heat and press force.
The effect of the depolymerizing time, welding pressure, welding temperature and welding time
on the welding strength were further investigated. It was found that there were optimal values for
the depolymerizing time, welding pressure, and welding temperature, respectively, for the welding
strength, while the welding strength increased with increasing welding time. Through facile surface
degradation, the welding pressure was highly reduced, while the welding strength was increased.
With surface depolymerization, the welding strength was 1.55-times higher, but the magnitude of
press force was 1/1000-times than that with no surface depolymerization. It is elucidative that
surface depolymerization can be used to weld hard vitrimer composites alongside reducing the press
force effectively.

Keywords: epoxy vitrimer; surface depolymerization; welding; bond exchange reactions

1. Introduction

Vitrimer is a novel kind of thermoset, where dynamic covalent bonds introduced into
the cross-linked network can break, re-connect or exchange under external stimuli [1–5].
This type of polymer not only behaves as a conventional thermoset in terms of chemo-
mechanical performance, but also enables cross-linked polymers to be reprocessed and
recycled in a solid state. In the past decade, different vitrimers have been developed based
on different exchangeable bonds, e.g., ester bond, disulfide and hindered urea bond [5–9].
Among them, epoxy-based transesterification is the most studied vitrimer chemistry due
to its easy mass production [10–13]. Epoxy vitrimer is readily developed by adding an
appropriate catalyst (such as zinc acetylacetonate (Zn(acac)2) [11], and triazobicyclodecene
(TBD) [14], etc.) into classical formulations of epoxy, which have been widely used in the
fields of aerospace, electrical engineering, and coatings [15]. However, one of the main
limitations of the epoxy vitrimer is that the catalysts are toxic and corrosive, which may
cause corrosion damage to materials [16]. To date, vitrimers-based polymer blends have
not yet been studied systemically.

Epoxy vitrimer is intrinsically composed of ester bonds and hydroxyl groups, ren-
dering bond exchange reactions (BERs) attainable, which makes it possible for them to be
welded from a bulk state or ground powder state. Yu et al. [17–19] used a constant press
force of kPa to weld and recycle soft epoxy vitrimer, and the recycled material restored the
mechanical properties to the level of the fresh material. For hard epoxy vitrimer, the weld-
ing pressure increased to MPa [20]. Luzuriaga et al. ground the epoxy vitrimer composites
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into powder and obtained the second-generation composites under 20 MPa pressure [1].
Chabert et al. further proved the repeated welding ability of epoxy vitrimer composites
in comparison with traditional thermosetting epoxy composites [21]. Compared with soft
materials, chain diffusion in hard vitrimer poses significant difficulties and challenges due
to the movement resistance of the densely cross-linked network. A large press force should
be applied to make sure the welding surfaces are in full contact for welding. However, an
excessive press force might wreak damage on the material due to its ductile nature.

Additionally, attempts have been made to lower the press force for welding epoxy
vitrimer, where BERs were triggered between hydroxyl groups in alcohol solvent (e.g., EG,
2E1H) and esters in the epoxy network [22–24]. This type of BER containing a solvent is
called a solvent-assisted BER and provides an efficient and mild way to recycle the polymer
matrix, as well as the carbon fibers, with almost 100% recovered mechanical properties
in a carbon fiber composite [23]. Based on this, Shi et al. [25] proposed a solvent-assisted
welding strategy for the first time to realize welding under tiny press force, where, before
welding, the surface of the soft epoxy vitrimer is depolymerized by an alcohol solvent. The
essential degradation step prolonged the welding time; nevertheless, it provided an easy
and effective bonding strategy to assemble a composite under smaller pressure or without
pressure. To meet the increasing needs of industrial applications, hard materials with high
cross-linking density are in great demand. To the best of our knowledge, there are, up to
date, no publications on the welding of high-performance epoxy vitrimer.

In this paper, solvent-assisted BERs, which have been used for recycling rather than
welding, are used to weld hard epoxy vitrimer. Ethylene glycol (EG), which offers hydroxyl
groups, reacts with ester bonds of epoxy vitrimer reversibly. The vitrimer is firstly de-
polymerized and then forms a gel layer, in which the depolymerized polymer can diffuse
across the welding interface easily. This will highly reduce the welding pressure. On
the other hand, the depolymerized polymer can be repolymerized in the welding region,
resulting in strong covalent bonds at the welding interface. This paper is organized as
follows. In Section 1, we introduce the vitrimer and summarize the welding. In Section 2,
the mechanism of surface depolymerizing and welding is demonstrated. In Section 3, we
describe the welding procedures and characterizations. In Section 4, we present the results
of the welding behavior of epoxy vitrimer. The focus of the study is to examine the suit-
able depolymerizing and welding conditions to achieve high welding strength alongside
reducing the welding pressure. The concluding remarks are presented in Section 5.

2. Depolymerizing and Welding Mechanism

The polymer network of vitrimer can be depolymerized into small segments, and
further be repolymerized thanks to the reversibility of solvent-assisted BERs [22–24]. Ac-
cordingly, the depolymerizing and welding of vitrimer are shown in Figure 1. Vitrimer is
firstly immersed into an excess amount of solvent, where the solvent molecules effectively
diffuse into the polymer and swell the fresh network. Then, the swelled network is gradu-
ally depolymerized as the depolymerized network, where a long polymer chain is broken
into some small segments, as shown in Figure 1a. The depolymerized network is taken
out of the solvent. As shown in Figure 1b, as two pieces of the depolymerized network
touch each other, the small segments diffuse across the welding interface and repolymerize.
Meanwhile, the re-generated solvent molecules escape from the repolymerized network
and gradually evaporate. Compared with long polymer chains in the fresh network, the
small segments in the depolymerized network are prone to diffusion [25]. Moreover, the
depolymerized network is in a viscous gel state [26], guaranteeing good contact. There-
fore, the facile surface depolymerization generally benefits chain diffusion, promoting the
welding of vitrimer under small press force.
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Figure 1. Schematic representation of depolymerizing and welding for vitrimer. (a) Original network is
depolymerized into small segments. (b) Two depolymerized networks are repolymerized for welding.

3. Experimental

3.1. Materials

Diglycidyl ether of bisphenol A (DGEBA, MW: 340.4 g/mol, Sigma Aldrich, St. Louis,
MO, USA), glutaric anhydride (GA, MW: 114.10 g/mol, Macklin, Shanghai, China), zinc
acetylacetonate hydrate (Zn(ac)2, Sigma Aldrich, St. Louis, MO, USA), and ethylene glycol
(EG, AR grade, Macklin, Shanghai, China).

3.2. Preparation of Hard Epoxy Vitrimer

Hard epoxy vitrimer was prepared with the following synthesis procedures: DGEBA
and GA in solid states were heated at 130 ◦C until melted. Then, 5 mol % Zn(ac)2 to the
epoxy groups was added into melted DGEBA and stirred powerfully at 130 ◦C for 10 min.
Then, the melted GA was poured into the mixture with a stoichiometric ratio of epoxy
groups and acyl groups of 1:1. The above mixture was poured into home-made molds
to cure at 140 ◦C for 12 h after undergoing vacuum degassing at 100 ◦C for 15 min. The
mechanical and thermal properties of the epoxy vitrimer are presented in Appendix A.

3.3. Dissolving Experiment

An appropriate depolymerization condition for welding was roughly obtained by
a dissolving experiment for epoxy vitrimer. In our previous work [16], the dissolving
temperature for epoxy vitrimer was located at 140–200 ◦C, which was around the boiling
point of EG (197.3 ◦C) and far less than the pyrolysis temperature of the epoxy vitrimer
(Table A1). Herein the dissolving temperature was 180 ◦C. The mass ratio of epoxy vitrimer
to EG was 1:25. A cubic epoxy vitrimer sample with the length of 10 mm was immersed into
EG solvent, then placed in an oven and heated under 180 ◦C. At different time intervals, the
sample was taken out and weighed immediately to record the mass of the residual vitrimer.

3.4. Welding Experiments

The solvent-assisted welding process is shown in Figure 2. Two separated vitrimer
samples (length 25 mm, width 15 mm, and thickness 8 mm) (Figure 2I) were put into
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EG solvent at a depolymerizing temperature of T1 for a depolymerizing time of t1 in a
vacuum oven (Figure 2II). Then, two depolymerized vitrimer were connected under a
welding pressure of P at a welding temperature of T2 for a welding time of t2, where the
area of the butt joint was 15 mm × 8 mm (Figure 2III). All of the depolymerizing as well as
welding conditions are summarized in Group 1–4 in Table 1. The welded vitrimer with a
butt-joint was cut along the y-z plane to prepare stretching specimens with a thickness of
~2 mm (Figure 2IV). During welding, the welding pressure and welding temperature were
provided by a hot-pressing apparatus (Figure 3), in which the heating rate and cooling rate
were 20 ◦C/min and 10 ◦C/min, respectively. Moreover, a steel mold was fabricated to
prevent the vitrimer sample from buckling during the welding process.

Figure 2. Schematic of the solvent-assisted welding process of epoxy vitrimer: (I) original epoxy
vitrimer, (II) immersing into EG, (III) butt-welded vitrimer, and (IV) cut specimens for stretching.

Table 1. Depolymerizing and welding conditions for epoxy vitrimer.

Group
Depolymerizing

Time t1
(min)

Depolymerizing
Temperature T1

(◦C)

Welding
Pressure P

(kPa)

Welding
Temperature

T2 (◦C)

Welding
Time t2

(h)

Group 1 20, 30, 40, 50 180 20 180 12
Group 2 40 180 0, 10,

20, 30 180 12

Group 3 40 180 20 140, 160,
180, 200 12

Group 4 40 180 20 180 4, 6, 8, 10, 12
Group 5 / / 1000, 5000,

10,000, 20,000 180 12

Figure 3. Experimental setup for welding.

The dimension of the vitrimer for hot-press welding was the same as those for solvent-
assisted welding. The hot-press welding process was carried out as follows. The epoxy
vitrimer samples were cleaned with ethyl alcohol and then dried at 100 ◦C for 10 min
to evaporate the ethyl alcohol. Then, the vitrimer samples were contacted using the
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hot-pressing apparatus and the steel mold (Figure 3). The welding pressure, welding
temperature, and welding time are shown in Group 5 in Table 1.

3.5. Characterization

The butt-welded vitrimer was tested using a universal material testing machine (MTS
Criterion C45.105, Eden Prairie, MN, USA) with a tensile rate of 1 mm/min. The force
and crosshead displacement were recorded. The strain was calculated as the displacement
divided by the initial distance of the crosshead. The stress was calculated as the force
divided by the welding area in the undeformed state. Thus, the welding strength of epoxy
specimens was calculated by:

τ =
Fmax

S
(1)

where Fmax was the maximum load and, S was the welding area in the undeformed state.
At least three specimens were tested for each case.

The surface morphologies of the welded region were investigated by a 3D microscope
system (LY-WN-YH System, Liyang Co., Ltd., Chengdu, Sichuan, China).

4. Results and Discussions

4.1. The Influence of Depolymerizing Time

The depolymerizing time for welding was determined by the dissolving experiment
of cubic epoxy vitrimer into EG solvent at 180 ◦C, as shown in Figure 4a. During dissolving,
the EG solvent provided abundant hydroxyl groups to break the esters on the polymer
network, leading to depolymerization of the vitrimer. The dissolving process involved
three processes [16], e.g., diffusion of EG molecules into the network, the cleavage of
the polymer chains due to solvent-assisted BERs between the hydroxyl groups of the
EG solvent and esters of the network, and the diffusion of small segments into the EG
solvent. Figure 4b shows that the cubic shape of the vitrimer remains unchanged during
the dissolving process, indicating that the dissolution of the vitrimer is a typical surface
erosion mode [22,26].

Figure 4. Depolymerization of epoxy vitrimer being immersed into EG at 180 ◦C. (a) Dissolving
experiment of the vitrimer. (b) The appearance and size evolution of the depolymerized vitrimer.
(c) Schematic representation of the depolymerized vitrimer. (d) Normalized mass of depolymerized
vitrimer as a function of depolymerizing time.
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After partially dissolving, the depolymerized vitrimer was assumed to contain three
parts: the fresh network, the swelled network, and the depolymerized network, as shown
in Figure 4c. The swelled network and the depolymerized network are much smaller
than the fresh network. In the swelled network, a small amount of EG molecules are
absorbed but do not break the network. In the depolymerized network, the network is
depolymerized into small segments due to solvent-assisted BERs. Therefore, the mass
of the depolymerized vitrimer is the total mass containing absorbed EG molecules in
the swelled network and depolymerized network. Here, the mass of the depolymerized
vitrimer is normalized by the initial mass, as shown in Figure 4d. In the first 30 min,
the mass of the depolymerized vitrimer increases slightly due to the diffusion of EG
molecules in the swelled network; however, the depolymerized network is very small.
When the dissolving time increases from 30 min to 40 min, the absorbed EG continues to
increase but the depolymerized mass is still small. The mass of the depolymerized vitrimer
decreases sharply after dissolving for 40 min, in which there is an obvious material loss.
In conclusion, the surface depolymerization has dual characteristics for welding. On the
one hand, it contributes to breaking the fresh network, which will promote the followed
welding process. On the other hand, it gives rise to vitrimer loss, which will be detrimental
to the vitrimer integrity.

To quantitatively provide criteria for optimizing the depolymerizing time, we welded
the depolymerized vitrimer and compared their welding strength. At the beginning of
the welding, two pieces of the depolymerized vitrimer specimens are connected to each
other (Figure 5a). The depolymerized network is diffused across the interface. After being
welded, the absorbed EG molecules in the swelled network are evaporated, as shown in
Figure 5b. Meanwhile, the generated solvent molecules evaporate from the interface. Thus,
the depolymerizing conditions affect the degree of depolymerization, further affecting the
welding strength. For a given depolymerizing temperature, the welding strength is only
related to the depolymerizing time.

Figure 5. Effect of depolymerizing time on the welding performance of epoxy vitrimers. The vitrimer
are welded under 20 kPa at 180 ◦C for 12 h. Schematic representation of the depolymerized vitrimers
(a) before welding and (b) after welding. (c) The welding strength of the butt-welded vitrimer
versus depolymerizing time. Each data point represents the mean and stands deviation of three
measurements. (d) The microscopical images of welded region with depolymerizing time of 40 min.
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After being depolymerized for 20 min, 30 min, 40 min, and 50 min, respectively, the
depolymerized vitrimer were welded at 180 ◦C under 20 kPa for 12 h (Group 1 in Table 1).
The tensile behavior of the butt-welded specimens is shown in Figure 5c. The greatest
welding strength is about 35 MPa for a depolymerizing time of 40 min (54% of the fresh
vitrimer), while the smallest welding strength is about 8 MPa for a depolymerizing time
of only 20 min. The welding strength decreases to 12 MPa as the depolymerizing time
increases to 50 min, which is lower than that for a depolymerizing time of 30 min and
40 min. The trend that the welding strength increases at first and then declines with
depolymerizing time can be explained. On the one hand, the content of EG absorbed in the
polymer network is very limited within 20 min, which is not beneficial to repolymerization
for the subsequent welding process. On the other hand, the surface of the vitrimer is
over-depolymerized for 50 min, making repolymerization difficult due to the imperfect
surface contact. The vitrimer under a depolymerizing time of 40 min possesses the largest
swelling content of EG, which improves depolymerization, while no severe fracturing of
the vitrimer occurs.

Figure 5d shows the microscopic images of the welded region with a depolymeriz-
ing time of 40 min and a welding time of 12 h. It was found that there is no obvious
welding interface from the middle surface view, which reflects efficient welding with zero-
interface. However, the failure of the welded specimen substantially originates from the
welding interface because incomplete repolymerization with insufficient welding condi-
tions was provided.

4.2. The Influences of Welding Conditions

The depolymerized network will be re-polymerized due to the solvent-assisted BERs,
which can be reversed using the depolymerizing process [23–25]. According to our previous
work for recycling epoxy, visible hydroxyl groups unavoidably exist in the repolymerized
network and the residual EG molecules substantially reduce the degree of the repolymer-
ized network [16]. Thus, the welding quality highly depends on the welding conditions,
e.g., welding pressure, welding temperature and welding time. Herein we study how the
above welding conditions affect the welding strength, and the corresponding results are
shown in Figure 6. Before welding, the vitrimer samples are depolymerized at 180 ◦C for
40 min.

Figure 6a, d show the influence of welding pressure on stress–strain curves and
the welding strength, respectively. The welding temperature is 180 ◦C and the welding
time is 12 h (Group 2 in Table 1). The welding strength is 17.2 MPa for the case with
a lack of welding pressure. As the welding pressure increases to 20 kPa, the welding
strength increases to 34 MPa, indicating that a higher press force increases the contact
area and further enhances the welding strength. However, the welding strength decreases
slightly as the welding pressure increases to 30 MPa. This is possibly because excess press
force squeezes out the depolymerized network and further prevents depolymerized chain
diffusion at the welding interface. Therefore, increasing the press force does not significantly
promote the welding efficiency, which is completely different from the reported results,
indicating that press force accelerates welding without surface depolymerization [19,20].

Figure 6b,e show the influence of welding temperature on stress–strain curves and the
welding strength, respectively. The welding pressure is 20 kPa and the welding time is 12 h
(Group 3 in Table 1). The welding strength is only 4 MPa when the welding temperature is
140 ◦C, and reaches 35 MPa as the temperature approaches 180 ◦C. This is because higher
temperature promotes solvent-assisted BERs and, likewise, EG evaporation simultaneously.
The degree of repolymerized network enlarges while the residual EG lessens, resulting in
improved welding strength. As the welding temperature increases to 200 ◦C, the welding
strength is slightly lower than that at 180 ◦C. This is probably ascribed to the fact that
the faster formation of the repolymerization network on the welding surface prevents the
evaporation of enclosed EG molecules and further lowers the welding strength. Moreover,
excessive welding temperature may lead to surface degradation due to oxidation.
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Figure 6. Effect of welding conditions on the mechanical behavior of butt-welded epoxy vitrimer. All
of the epoxy vitrimers are depolymerized at 180 ◦C for 40 min before welding. Stress–strain curves
under different (a) welding pressure, (b) welding temperature, and (c) welding time. The welding
strength varies with (e) welding pressure, (e) welding temperature, and (f) welding time. Each data
point represents the mean and stands deviation of three measurements.

Figure 6c, f show that the stress–strain curves and welding strength vary with a
welding time of 4 h, 6 h, 8 h, and 12 h (Group 4 in Table 1). The welding pressure and
welding temperature are 20 kPa and 180 ◦C, respectively. It is seen that the welding
strength gradually increases as the welding time increases. Sufficient welding time ensures
the full completion of network repolymerization at the welding interface, which enables
strong welding. Moreover, extending the welding time facilitates EG evaporation in the
repolymerized network at the welding interface, which finally boosts the welding strength.
Thus, we believe that a higher welding strength could be achieved if we further increase
the welding time.
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4.3. Comparison to Welding with no Surface Depolymerization

For comparison, the hard epoxy vitrimer are welded using hot-press welding without
surface depolymerization, where the welding pressure is from 1 MPa to 20 MPa. Figure 7a
shows the stress–strain curves of welded vitrimer as they are welded at 180 ◦C for 12 h
(Group 5 in Table 1). All the curves are linear and have the same slope. Compared with
Figure 6a,c, one can see that the break strain using hot-press welding is much smaller
than that using solvent-assisted welding. In addition, the comparison of welding strength
with and without surface depolymerization is shown in Figure 7b. Without surface de-
polymerization, welding under a large pressure of 10 MPa reaches to a welding strength
of 16.8 MPa, close to the strength level of welding under zero pressure as the vitrimer
is depolymerized. The maximum welding strength of 35 MPa is attained after surface
depolymerization, 1.55-times higher than the welding at an extreme press force of 20 MPa
without surface depolymerization, whereas the welding pressure of the former is 1/1000 of
the latter. Therefore, we can conclude that the use of surface depolymerization encourages
the fluidity of the polymer chains to diffuse readily, which further strikingly reduces the
required press force for welding.

Figure 7. Comparison of the welding performance of epoxy vitrimer using hot-press welding and
solvent-assisted welding. (a) Stress–strain curves of hot-press welding. (b) Welding strength of
solvent-assisted welding and hot-press welding. The welding time and temperature are 12 h and
180 ◦C, respectively. Each data point represents the mean and stands deviation of three measurements.

Epoxy vitrimer can be intrinsically welded due to the self-contained dynamic covalent
bonds [27]. In comparison with soft materials, the required welding pressure for vitrimers
with high cross-linking densities should be larger as the polymers are too inactive to
deform [17]. This work introduces a facile surface depolymerization strategy to reduce the
welding pressure for welding high-performance epoxy vitrimer. The previous welding
method has the following two advantages. On the one hand, the depolymerized materials
on the surface of the vitrimer form a gel layer with a thickness of ~0.1 mm, which is prone
to diffusing across the welding interface [25]. As a consequence, the welding pressure,
which is used to make sure the welding surfaces come into contact, decreases from tens of
megapascals to tens of kilopascals, as shown in Figure 7. On the other hand, large numbers
of hydroxyl groups are introduced, which accelerate the bond exchange reaction and form
covalent bonds at the welding interface, thus promoting strong welding (Figure 1). In view
of the above-mentioned advantages, this surface degradation strategy has the potential for
welding vitrimer composites to meet the increasing needs of industrial applications [27–29].
However, there are still some problems in the surface degradation for welding, such as the
need for high welding temperatures, which are determined by the BERs and the boiling
point of the EG. Therefore, it is worth further exploring solvents with low boiling points as
well as more efficient BER chemistry for relatively low temperatures.
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5. Conclusions

We have realized strong welding for hard epoxy vitrimer under small press force
thanks to facile surface depolymerization. The vitrimer specimens are firstly dissolved
into an excess amount of EG solvents for surface depolymerization and then welded
as the depolymerized vitrimer specimen pieces touch each other. We first conducted
dissolving experiments and welding experiments to determine the depolymerizing time
of epoxy vitrimer, which is 40 min under 180 ◦C. Then, we investigated the influence
of welding conditions on the welding strength of epoxy vitrimer. During the welding
process, an appropriate welding temperature and long welding time are favored in attaining
remarkable welding strength. Furthermore, increasing the welding pressure does not
significantly promote the welding efficiency, which is completely different from the reported
results of hot-press welding. Under the same conditions (180 ◦C, 12 h), the welding strength
using surface depolymerization is 35 MPa under 20 kPa, while that using hot-pressing
welding is only 21.9 MPa. That is, the welding strength using surface depolymerization
is 1.55-times higher, but the magnitude of press force is 1/1000. This work provides
an example of using surface depolymerization to develop welding methods for vitrimer
composites. Nevertheless, these are comparatively high welding temperatures determined
by the boiling point of EG. Therefore, it is worth further exploring solvents with low
boiling points.
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Appendix A. The Mechanical and Thermal Properties of Hard Epoxy Vitrimer

DSC measurements were conducted using a DSC1 differential scanning calorimeter
(Mettler Toledo, Switzerland). The sample was heated from 0 ◦C to 250 ◦C at a rate of
10 ◦C/min. The DSC curve of epoxy vitrimer shows an obvious glass transition of 77.2 ◦C
in the second heating curve, as shown in Figure A1a. The glass transition temperature is
also list in Table A1.

Tensile tests of epoxy vitrimer were carried out using a universal material testing
machine (MTS Criterion C45.105, Eden Prairie, MN, USA). The epoxy vitrimer samples
were cut into a dog-bone shape and tested according to ASTM standard 638-14. The
tensile stress–strain curve of epoxy vitrimer is shown in Figure A1b. The basic mechanical
parameters are listed in Table A1.

Thermogravimetric analysis (TGA) was performed using a TGA instrument (Netzsch
STA449F5, Germany). The experiments were performed within an air atmosphere at a ramp
rate of 10 ◦C/min from 30 ◦C to 800 ◦C, where the gas flow rate was 50 mL/min. TGA
profiles (Figure A1c) show that the decomposition temperatures exhibits two stages: the
first one ranges from 330 ◦C to 482 ◦C due to pyrolysis and carbonization; while the second
stage varies from 482 ◦C to 607 ◦C due to the decomposition of the carbonized products.
All the thermal and mechanical properties are summarized in Table A1.
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Figure A1. The mechanical and thermal properties of epoxy vitrimer. (a) DSC curve, (b) Stress–strain
curve, (c) TGA and DTG curves.

Table A1. Thermal and mechanical properties of the cured epoxy vitrimer.

Tg/◦C
Tensile

Strength/MPa
Elastic Mod-

ulus/MPa
Elongation
at Break/%

T5%/◦C T10%/◦C Tmax1/◦C Tmax2/◦C

77.2 63.0 ± 3.4 1192.9 ± 34.5 8.6 ± 2.4 346 382 420 582
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Abstract: Joining of dissimilar thermoplastics and their composites is a challenge for thermal welding
techniques due to different melting points. Reactive welding with an auxiliary functional material
can offer the clear opportunities to develop joining processes due to robustness to joining dissimilar
thermoplastic polymers and their composites. The current study employed reactive compatibilization
to offer the possibility of joining an acrylic-based glass fiber composite to polyamide (PA)-12 by
applying a hot-tool welding technique. For this purpose, composite plates are fabricated by a
typical vacuum infusion and thin layer thermoplastic films are formed by a thermostamping of PA12
granules. Subsequently, the reactive welding of the interposed PA12 sheet and Elium®-GMA-Glass
composite is conducted by hot-plate welding. A glycidyl methacrylate (GMA) as a compatibilizing
agent is copolymerized with methyl methacrylate Elium® resin. During the hot-tool welding process
of dissimilar thermoplastic material, GMA can react with the polyamide end groups. The heat
distribution at the Elium® GMA/PA-12 interface is responsible for obtaining a strong joint. This
study focuses on the functionality of the compatibilizer on the welding of acrylic-based composites
with polyamide (PA)-12 while varying the assembly temperature. The flatwise tensile test proved
the effectiveness of GMA on the interface bounding. The excellent bounding incompatible polymers
Elium® resin (PMMA) and PA12 was achieved at 200 ◦C.

Keywords: fusion bounding; Elium®; reactive welding

1. Introduction

The versatile application of multi material design consisting of dissimilar polymers
and their composites is a possible response to the increasing demand of reducing weight
and improving mechanical properties in automotive and aerospace industries. In practical
applications, joining light thermoplastic and high-strength fiber reinforced thermoplastic
composite is a widespread design [1,2].

Fusion bounding is a highly practical technique for joining fiber reinforced thermo-
plastic composites. Experience with the fusion bounding method has proven the possibility
of joining dissimilar parts with eliminating stress concentration and rivets while staying
cost effective. In this family of processes, after close contact of surfaces, inter-diffusion
over a period allows joining the two polymeric parts or their composites above the certain
temperature. Depending on the heating mechanisms, several variants of fusion bound-
ing, such as hot plates, ultrasonic, laser, induction, and friction stir, have been developed
and matured [3].

In recent years, welding dissimilar thermoplastic materials has become a hot research
topic and various techniques have been tried to acquire the robust joining. A few studies re-
ported the fusion bounding for dissimilar thermoplastic materials with compatible molecu-
lar structures, including polyethylene (PE)-polypropylene (PP) [4], PA6-PA66 [5], polylactic
acid-polyformaldehyde (PLA-POM) [6], PLA-poly (methyl methacrylate) (PMMA) [7], and
PMMA-acrylonitrile butadiene styrene (ABS) [8]. These studies addressed proper welding
strategies, such as welding time to ensure joint strength. So far, there are few reports on fu-
sion bounding for incompatible polymers [9]. Fu et al. [9] successfully welded PP and PA6
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by an interlayer solder sheet (ISS) prepared by blending of maleic anhydride-functionalized
polypropylene (PP-g-MAH) and polyamide 6 (PA6) by an ultrasonic welding device. How-
ever, such thermoplastic systems must be processed at high processing temperatures, for
example, PA-6 above 160 ◦C, PP in the temperature range of 230–270 ◦C [10]. Hence, their
applications for manufacturing continuous fiber reinforced thermoplastic are limited in
size and thickness due to their high melt viscosity [10].

One stablished way is a shift from melt processing to a reactive processing by using
mono or oligomeric precursors, such as PA12 polymerized from w-laurolactam (Tm = 154 ◦C)
using an initiator. The reactive processing of continuous fiber reinforced thermoplastic com-
posite is performed at the temperature range of 90–250 ◦C. Hence, manufacturing of large
composite parts, such as wind turbine blades, becomes very difficult [10]. Arkema devel-
oped an infusible thermoplastic based acrylic resin to manufacture composite parts at the
temperature range of 25–90 ◦C depending on the variants of the acrylic resin [11]. This
thermoplastic resin, known by its commercial name Elium®, possesses comparable in-plane
mechanical properties to the high-performance epoxy resin after curing at room temper-
ature [12]. Elium® matrix fiber reinforced composites can be manufactured by using the
Liquid Composite Molding family such as Resin transfer Molding and vacuum infusion
processes thanks to their low viscosity range from 50 mPas to 100 mPas [11,12] at room
temperatures. The components of Elium® acrylic resin are 2-Propenoic acid, 2-methyl-,
methyl ester or methylmethacrylate monomer (MMA), and acrylic copolymer. A radical
initiator, such as a peroxide, is mixed with Elium® acrylic resin at a particular weight ratio
to convert MMA to its polymer PMMA under the in situ polymerization.

In recent years, the research on the fusion bounding of Elium® composites, particularly
ultrasonic welding, IR welding, and induction welding, has been conducted [13–15]. The
temperature range at which it can be welded and the heating time are crucial parameters
in the potential thermal degradation of the Elium® composites during welding [16,17]. To
enable the use of welding for the joining, this study for first time presents hybridization of
Elium® composites and a thin layer PA12 film by a reactive welding technique.

The Significace of the Study

PMMA has a remarkable transparency, but due to a low glass transition temperature
around (Tg) 110 ◦C and high sensitivity to solvents, its applications are limited. Particularly
in fusion bounding process where the temperature of exposed surfaces reaches as high
as 200 ◦C, there is the possibility of thermal degradation of PMMA. In general, amorph
polymers or semi-crystalline ones should not be welded at a temperature above 75% of
their glass transition point Tg or of their melting point Tm, correspondingly [1]. There have
been a few suggestions for the improvement of thermal stability of PMMA: 1- crosslinker
agent: the weldability of Elium® composites with crosslinker agents are reported elsewhere
by the authors [18], 2: an interposed sheet of semi-crystalline or amorphous thermoplastic
polymer. In the later process, the interposed polymer sheet acts like an adhesive. The
interposed polymer sheet is stacked between two similar thermoplastic composites prior
the consolidation process. During consolidation, the sandwich-like polymer layers are
melted together and subsequently are bounded by intermolecular diffusion [1].

The incorporation of PA-12 in the form of an interposed polymer sheet between the PMMA
fiber composite plates could make it possible to overcome the thermal degradation of PMMA
at high temperatures while retaining the transparency of PMMA. Polyamide-12 (PA-12) not
only has a high temperature resistance with the polymer melting point of 175 ◦C due to the
presence of strong hydrogen bounds between strings, but also has a transmission, as well as a
refraction index (around 1.5) equivalent to the PMMA. It should be noted that a desired through
thickness interpenetration is highly influenced by the magnitude of the viscosity difference in
the interposed polymer sheet and the thermoplastic matrix resin. In addition, for a successful
bounding, the interposed polymer sheet should have compatible molecular structure with the
polymer matrix [19]. The addition of a third component, namely a compatibilizing agent, is a
common method to enhance the compatibility between dissimilar polymers.
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Compatibilization is commonly used to obtain a stable polymer mixture. A compati-
bilizing agent (block copolymer or graft) is introduced or formed in situ at the interface
from polymers bearing functions mutually reactive chemicals. The latter process is called
reactive compatibilization. The compatibilizing agent located at the interface allows a good
adhesion between the dissimilar polymers thanks to the entanglements of the components
of the copolymer at the interface with the polymers. It also lowers interfacial tension and
prevents coalescence. Glycidyl methacrylate monomer (GMA) has been successfully used
as an efficient reactive compatibilizer for reactive polymer blending, such as poly (butylene
terephthalate (PBT)/polypropylene (PP) [20], PP/polycarbonate (PC) [21], PP/Polyamide
6 [22]. The presence of an epoxy group in the GMA provides reactive sites, which enables
copolymerizing with a variety of monomers for modifications such as crosslinking and
interfacial adhesion. All compatibilizers, which are well-known for reactive blending,
are not successfully implemented to the functionalization of a liquid resin thermoplas-
tic due to the viscosity limitation for liquid composite molding, which must be below
0.5 Pa.s. In addition, the compatibilizers should not modify the fast-curing kinetics of
the acrylic-based resin such as Elium®, which is well adopted for the liquid composite
molding (LCM) process. Finding an effective compatibilizer for the functionalization of
a liquid resin thermoplastic that can react at their welding interface is not a trivial task.
However, no reactive welding has been reported for the above systems. To fully exploit the
Elium® thermoplastic composite design possibility, this study demonstrates the role of in
situ functional Elium®-GMA copolymer composites.

This study proposed the functionalization of acrylics-based resin by GMA for the
liquid composite molding (LCM) of functionalized continuous fibers reinforced composites
and the reactive welding. For this purpose, we manufacture composite plates by a typical
vacuum infusion and PA12 sheets by a thermostamping technique. Subsequently, hot-plate
welding is used for the reactive welding of the interposed PA12 sheet and Elium®-GMA-
Glass composite. The variable involved in this study is temperature. The experiment steps
are shown in Figure 1.

 

Figure 1. The experiment steps for hot-plate welding of reactively compatibilized acrylic-based
composites/polyamide (PA)-12 material.
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2. Materials and Methods

2.1. Fabrication Procedure

The welding was conducted at three separate steps. Step 1 was manufacturing glass
fiber composite plates with an Elium® matrix. Step 2 was manufacturing PA12 sheets. Step
3 was hot-tool welding.

2.1.1. Composite Manufacturing

The Glass 600T, which is a continuous twill-weave glass fabric with an areal density
of 600 g/m2 from CHOMARAT (Le Cheylard, France), was used. Two-layered preform
was formed with 350 mm × 350 mm fabric plies, leading to a thickness around one mm
after vacuum bagging. The atmospheric pressure pulled the mixture of the Elium® 188XO
resin with the initiator in the mass ratio of 100:2 and 5 wt% GMA (ref.779342 from Mercks,
Branchburg, New Jersey, United States) from its reservoir into the preform by vacuum.

2.1.2. Thermoplastic Polymer Sheets (PA12)

A compression molding machine (Figure 2 left) was used to melt and compress
the pre-weighed PA12 granules from Arkema. The sheets were fabricated with the size
100 mm × 100 mm × 1.5 mm. The fabrication steps (Figure 2 right) started with drying
PA12 granules at 80 ◦C for 12 h. Before filling the mold with 12 g dried PA12, the lower and
the upper mold were covered by polyimide RCBS 5, which is a release film for thermoform-
ing of thermoplastic materials up to 405 ◦C (see Figure 2). The mold was filled with PA12
granules and was subsequently closed. The process was followed with the mold heating
to 217 ◦C to obtain the tool temperature of 200 ◦C. At 200 ◦C, a compression pressure of
0.5 MPa was applied and held for 10 min to achieve the desired sheet thickness. Finally, the
consolidated PA12 sheet was demolded.

Figure 2. Preparation of PA12 sheet. 1- the lower mold covered by polyimide RCBS 5, 2- 12 g dried
PA12, 3- upper mold covered by polyimide RCBS 5.

2.1.3. Assembly of PA12 Sheets with Elium® Composite Plates

For the assembly, the two 100-mm squared plates were cut from the manufactured
Elium® composite, and subsequently were masked with polyimide tape on the rough side
(side faced with the vacuum bag) as shown in Figure 3. The masked plates were later dried
at 80 ◦C for 12 h. Subsequently, the plates were cleaned with Diestone and dried again at
80 ◦C for 30 min.
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Figure 3. Masked Elium®-GMA glass fiber composite (EMG) film preparation. All dimensions are
in mm.

The assembly was started with stacking the first layer of polyimide RCBS5, a masked
Elium®-GMA plate, a PA12 sheet, a masked Elium®-GMA plate, and the last layer of
polyimide RCBS5 (Figure 4).

Figure 4. Sequence of layers arranged in the mold. 1- layer of polyimide RCBS5, 2- a masked
Elium®-GMA plate, 3- a PA12 sheet, 4- a masked Elium®-GMA plate, 5- layer of polyimide RCBS5.

The entire assembly was hot pressed at a fixed compression pressure (0.5 MPa) and
a fixed holding time (10 min). The temperature of hot-plate surfaces can be adjusted and
was the only variable parameter to study the weldability of reactively compatibilized
acrylic-based composites/polyamide (PA)-12 material (see Table 1).

Table 1. Temperature changes during the hot-plate welding of reactive PA12-EMG at constant
hold time and constant compaction pressure. The acronym of EMG stands for Elium®-GMA-Glass
composite. The samples are compressed with a compaction pressure of 0.5 MPa and held for a period
of 10 min.

Sample Name Heating Temperature (◦C)

PA12-EMG 20 160
PA12-EMG 19 170
PA12-EMG 15 180
PA12-EMG 16 200
PA12-EMG 17 220
PA12-EMG 18 240

2.2. Flatwise Tensile Test

Three specimens from each welded Elium® composite laminate-GMA-PA12 were cut.
The cutting configuration was shown in Figure 5A. The surface area of a specimen was
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50 mm × 50 mm with an average thickness of 2.9 mm. For each of the welding scenarios
(see Table 1), three iterations (Figure 5B 1–3) for the tensile test were carried out at repeatable
conditions (at a temperature of 23 ◦C and a relative humidity of 50%).

Figure 5. (A) Cutting configuration, (B) specimens for flatwise tensile test (1–3), (C) area of interest
for Scanning Electron Microscopy (SEM).

The flatwise tensile test was conducted on the specimen according to ASTM C297 [23].
The square specimen was loaded into the universal testing machine. Figure 6A shows
the whole assembly setup for the experiment, while the assembled square sample con-
figuration under stress through the thickness is given in Figure 6B,C. The load cell of
the universal Instron machine for the tensile test was adjusted to 1 kN at the displace-
ment rate of 2 mm/min. The data were recorded in terms of the maximum load and the
load-displacement curve.

Figure 6. Schematic of assembled samples for flatwise test according to ASTM C297.

2.3. Fractographic Analysis

When the specimens are subjected to flatwise tensile test, fracture is cohesive, adhesive,
or interfacial depending on the location of debonding [24]. To recognize the type of fracture,
a fractographic analysis was carried out on the coupon surfaces using Scanning Electron
Microscopy (SEM) (Figure 5C). SEM was a pressure-controlled FEI Quanta 200 FEG (Field
Electron and Ion Company, FEI, Hillsboro, Oregon, United States). After mounting the
samples in resin, they were polished with a diamond to achieve a sub-micron finish. Due to
poor electrical conductivity, the samples were coated in a thin layer (about 10 nm) of gold.
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3. Results and Discussion

3.1. Tensile Properties

As seen in Figure 7, at a constant hold time and constant pressure, the max load value
increased with increasing the welding temperature from 160 ◦C to 200 ◦C, after which the
load values tend to fluctuate between 17 MPa and 20 MPa with a further increase in the
temperature. Therefore, the compatibilizer efficiency increases rapidly with increasing
temperature. At 160 ◦C, which is below the melting point of PA12, the chain mobility
was restricted, which, in turn, cannot induce the interaction of chain molecules [25]. At
this temperature (160 ◦C), the joint of the interposed PA12 sheet and the EMG composite
was broken at the little strength of 0.06 MPa due to insufficient reaction [26]. However,
at 200 ◦C, as PA12 melting occurs [27], the welding strength of PMMA-PA12 by GMA
reached 18 MPa, which is 300 times higher than the welding strength of PMMA-PA12 by
GMA at 160 ◦C. This shows that fusion bounding between PMMA and PA12 by interfacial
compatibilization was successfully achieved under hot-plate welding at 200 ◦C.

Figure 7. Variation of tensile strength versus heating temperature at constant holding time and
pressure for PA12-EMG. EMG stands for Elium®-GMA-Glass composite.

3.2. Fractography

The SEM images of the flatwise tensile fractured surfaces of specimens are shown
in Figures 8 and 9. The fractographic analyses revealed remarkable differences on the
fracture profiles between the specimens welded in the temperature range of 160 ◦C to
180 ◦C (Figure 8) and those of 200 ◦C to 240 ◦C (Figure 9).

For the case of hot-tool reactive welding at 160 ◦C, Figure 8-first row shows that the
surface of the adhesive is smooth and debonding occurred between the interposed PA12
sheet (labeled with number 2 in Figure 8) and the adherent (composite which is labeled
with number 1). Therefore, the major fracture type is adhesive or interfacial [28]. This poor
bonding quality is caused by the insufficient welding temperature. The temperature is
below the melting point of PA12, and thus cannot induce the mobility of chain molecules
to react with the compatibilizing agent [29].

On the other hand, the surface of the specimens welded at 170 ◦C in Figure 8-second
row was rather rough as compared to the case of 160 ◦C. This is obviously due to the chain
mobility of PA12. As the temperature increased to 180 ◦C (Figure 8-third row), the surface
become rougher. The higher temperature indicates that there is the interaction of molecules at
interface thanks to further mobility in the PA12 chain. It should be noted that the failure mode
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for the reactive welding in the temperature range of 160 ◦C to 180 ◦C was an adhesive fracture.
This is well correlated to an insufficient temperature for the perfect bounding of the joints.

 

Figure 8. Fracture surfaces and SEM images of PA12-EMG specimens welded at temperatures of
160 ◦C, 170 ◦C, and 180 ◦C. The surface 1 stands for the EMG composite and the surface 2 stands for
the interposed PA12 sheet.

 

Figure 9. Fracture surfaces and SEM images of PA12-EMG specimens welded at temperatures of
200 ◦C, 220 ◦C, and 240 ◦C. The surface 1 stands for the EMG composite and the surface 2 stand for
the interposed PA12 sheet.
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The perfect bounding joints are observed in Figure 9, for the welding cases at 200 ◦C,
220 ◦C, and 240 ◦C. The major fracture type for the cases welds at 200 ◦C (Figure 9-first row)
or above (Figure 9-second and third rows) is a cohesive fracture. The fractured layer (PA12,
marked on the SEM images) remained on the surface of both adherend (Elium® composite
plates) and the interposed PA12 sheet after debonding. Compared to the previous cases, the
temperature for the cases in Figure 9 is higher, indicating the strong interaction at interfaces.
Once the temperature increases to the melting temperature, the polymer flows under the
compression force across the interface. Hence, the flowing polymer can react with GMA,
and thus the composites and the interposed PA12 sheet can be bounded completely at
200 ◦C, thereby resulting in a weld [3]. However, there is no remarkable change on the
surface of the fractured specimens with increasing temperature from 200 ◦C to 240 ◦C.
Therefore, the desired type of fracture, which is cohesive [13], was achieved at a welding
temperature of 200 ◦C and further increase will not change the bounding quality. This
observation is supported with the results of flatwise tensile tests which were reported in
the previous section.

4. Conclusions

The weldability of Elium® composite copolymerized with a glycidyl methacrylate
(GMA) and PA12 as an interposed sheet were investigated by hot-plate welding. PMMA
and PA12 are incompatible for welding. The results of our study on the possibility of the
fusion bounding for incompatible polymers by hot-plate welding showed the following:

(1) Despite the lack of knowledge on the selection of appropriate compatibilizing agent,
this study proved the effectiveness of GMA on the welding of PMMA/PA12.

(2) The highest weld strengths between the incompatible polymers PA12 and Elium®

(PMMA) composite are achieved at a temperature above the melting temperature of
PA12 and especially at 200 ◦C.

(3) The PMMA-GMA-PA12 copolymer has a key role in the enhancement of the interfacial
adhesion between PMMA and PA12.

In future studies, the fusion bounding model for PMMA-PA12 interfaces will be
proposed. In addition, promoting the formation of a better welding interface after con-
solidation will also be studied. Analysis of variance (ANOVA) is also helpful to analyze
the influence of the processing pressure and hold time on the mechanical performance of
resulting welded joints.
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Abstract: In this study, a high-Tg aerospace-grade epoxy composite plate was co-curing welded using
a unidirectional PEEK thermoplastic carbon fibre tape to develop advanced composite joints. To
account for the surface roughness and the weldability of carbon–epoxy/carbon–PEEK composites,
plasma treatments were performed. The co-curing was conducted by the following steps: each
treated thermoplastic tape was first placed in the mould, and followed by nine layers of dry-woven
carbon fabrics. The mould was sealed using a vacuum bag, and a bi-component thermoset (RTM6)
impregnated the preform. To understand the role of curing kinetics, post-curing, curing temperature,
and dwell time on the quality of joints, five cure cycles were programmed. The strengths of the welded
joints were investigated via the interlayer peeling test. Furthermore, cross-sections of welded zones
were assessed using scanning electron microscopy in terms of the morphology of the PEEK/epoxy
interphase after co-curing. The preliminary results showed that the cure cycle is an important
controlling parameter for crack propagation. A noticeable distinction was evident between the
samples cured first at 140 ◦C for 2 h and then at 180 ◦C for 2 h, and those cured initially at 150 ◦C for
2 h followed by 180 ◦C for 2 h. In other words, the samples subjected to the latter curing conditions
exhibited consistently reproducible results with minimal errors compared to different samples. The
reduced errors confirmed the reproducibility of these samples, indicating that the adhesion between
CF/PEEK and CF/RTM6 tends to be more stable in this curing scenario.

Keywords: co-curing bonding; plasma treatment; PEEK/epoxy interphase

1. Introduction

Composite materials, both thermoplastic and thermoset, have found extensive ap-
plications in land transportation, aerospace, and marine structures, gradually replacing
their traditional metallic counterparts [1,2]. This shift is primarily attributed to the superior
strength and stiffness-to-weight ratios offered by composite materials when compared
to metals. The superior specific properties of composites, in contrast to metals, result in
reduced weight, increased payload capacity, extended operational range, and improved
overall mechanical performance of structures.

There has been enormous attention from researchers and the aerospace industry
alike to the use of thermoplastic composites (TPCs). Advanced thermoplastic composites
present numerous processing and mechanical performance benefits compared to thermoset
composites. These advantages include high damage tolerance, exceptional corrosion and
solvent resistance, elevated fracture toughness, superior impact resistance, commendable
fatigue resistance, economical storage costs, and an indefinite shelf life [2]. An example of
this is the thousands of press-formed carbon fibre/polyetheretherketone (CF/PEEK) clips
that were previously built into the A350 and Boeing 787 aircraft [3].

Compared to their thermoplastic counterparts, the jointing and assembly of CF/Epoxy
composites pose a significant challenge for producing large-scale complex composite struc-
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tural parts. Due to the high level of cross-linking, fusion bonding is no longer viable for
cured CF/epoxy composites [2,4–7]. Instead, conventional methods such as mechanical
fastening and adhesive bonding are employed as alternative solutions. The CF/PEEK
is now attached to the CF/epoxy fuselage skin via mechanical fastening, which is a
well-established technique for aircraft metallic structures [8]. However, these methods
have their own inherent drawbacks when it comes to joining and assembling composite
parts. With mechanical fastening, challenges typically arise from stress concentrations,
potential delamination induced by drilling, potential galvanic corrosion, limitations in
lightweight design, and the time-consuming, labor-intensive nature of the process [9–11].
In the case of adhesive bonding, extensive surface preparation and long curing cycles
are necessary, making it inherently incompatible with the requirements of mass produc-
tion [4,11,12].

Fusion bonding is considered an optimal technique for joining thermoplastic matrix
composites. It involves three key stages: first, heating the thermoplastic matrices at the
interface to achieve a melted state; next, applying pressure to the paired parts to facilitate
the inter-diffusion of polymer chains; and finally, allowing the composite to cool down and
regain its mechanical properties [13]. A relevant question is how the existing techniques
can be applied for the welding of dissimilar composites, i.e., TPC and thermoset composite
(TSC) combinations.

To expand the use of fusion bonding in thermoset polymer matrix composites, it is
necessary to coat the interface of the laminates with a layer of thermoplastic material [14].
However, the thermoplastic hybrid interlayer method may encounter challenges in achiev-
ing the desired through-thickness inter-penetration depth of the woven roving fiber cloth.
This difference in melt viscosity can be attributed to the significant contrast between the
thermoplastic film and the thermoset matrix resin. Moreover, the elevated temperature
needed to melt the thermoplastic hybrid interlayer or film may result in the degradation
of the thermoset matrix resin. One of the most common solutions to increase the occur-
rence of interfacial adhesion is using a thermoplastic interlayer that is compatible with
the thermoset resin in TSC [9]. Some examples of such interlayer thermoplastic resins
are polyetherimide (PEI), polysulfone (PSU), and polyethersulfone (PES), which are of an
amorphous nature [14]. In addition to the compatibility of the inter-layer thermoplastic
resins with the thermoset matrix, a few other factors must also be considered to select
the appropriate inter-layer thermoplastic resin: mechanical and environmental perfor-
mance in applications, techniques used to incorporate the interlayers, and weldability of
the interlayer thermoplastic resin without thermoset degradation. To achieve a sufficient
high-strength bond without influencing the thermoset cure cycle, the chemical and physical
properties of the interlayer and thermoset must also be considered. Moreover, issues such
as resistance to aircraft solvents and moisture must also be addressed [14]. Consequently,
it typically requires intermediate pretreatment involving plasma and corona discharge to
enhance its interfacial adhesion with the thermoset matrix. One significant advantage of
plasma treatment is that it preserves material integrity, reducing the likelihood of fibre
degradation compared to chemical treatment. Additionally, plasma treatment is a clean
and dry process, mitigating environmental concerns typically associated with chemical
modification [15]. The surface of the TPC can be treated by the atmospheric plasma to
generate a certain surface roughness that will cause mechanical interlock between the TSC
and TPC during the welding process [16]. This solution does not require the interlayer and
makes direct welding of a TPC on the treated surface of TSC possible. Understandably,
some of the main points of concern in this solution are the weld strength and durability of
the thermoplastic and thermoplastic connection.

This study proposes a new technique to achieve a high-strength connection of the
hybrid interface by co-curing the unidirectional carbon fiber-reinforced thermoplastic tape
with the thermoset composite without the requirement of an interlayer thermoplastic. This
enables us to directly test the interface using the peeling test without an additional welding
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process, like infrared welding, which could be responsible for thermal degradation of the
TSC substrate.

Co-curing, a method for joining polymer composite joints, involves simultaneous
curing, offering cost-effectiveness compared to co-bonding or secondary bonding tech-
niques [17–19]. Co-bonding implies curing stacked prepregs alongside other parts, while
secondary bonding involves bonding cured parts using adhesive. After establishing the
concept, the surface of the CF/epoxy composite laminates underwent a coating process
using various thermoplastic binders in either powder or film form. Subsequently, the
composites were co-cured through hot pressing. It was anticipated that the elevated curing
temperature would induce the melting of the thermoplastic binder, allowing it to blend with
the epoxide resin in the CF/epoxy prepreg under vacuum and/or external pressure. This
blend was then consolidated through the curing of the epoxide resin and the thermoplastic
binder. As for the heating element, a carbon-fiber-reinforced binder (CF/binder) prepreg
interlayer, comprising a single layer of carbon fabric sandwiched between two layers of
binder film, was prepared through hot pressing [20].

Several studies have examined thermoset-to-thermoset composite joints. Moretti et al. [21] in-
vestigated process-induced strains during autoclave co-curing, co-bonding, and secondary
bonding of epoxy composite laminates, noting minimal warpage in the co-curing process.
Hasan et al. [22] produced full-scale wing demos joined by co-curing or secondary bond-
ing, revealing significantly less laminate warpage in co-curing bonded joints compared
to secondary bonded ones. Furthermore, co-curing bonded demos satisfied engineering
tolerances without any defects or anomalies. In addition to its manufacturing quality and
accuracy, several studies reported adequate or excellent mechanical properties of co-curing
bonded joints [23–25]. For instance, Dhilipkumar and Rajesh [25] observed 67% and 52%
higher lap shear strengths in co-curing bonded joints compared to co-bonding joints and sec-
ondary bonding joints, respectively. Kim et al. [24] reported much higher pull-off strengths
in co-curing hat-stiffened panels than those manufactured by co-bonding and secondary
bonding techniques. Based on these findings, co-curing emerges as a promising technique
for composite joining, offering good structural integrity with minimal curing cycles.

Although there is growing understanding regarding the co-curing of thermoset-to-
thermoset composite bonding, the application of this method for joining carbon fiber/PEEK
tapes and aerospace carbon fiber/epoxy composites through a co-curing process without an
interlayer remains limited. Quan et al. [26] offer insights into the creation of composite joints
featuring robust structural integrity and thermal stability through the co-curing bonding of
CF/epoxy composites and CF/PEEK tapes. Employing a UV-irradiation technique, the
researchers treated the surfaces of PEEK films, a method demonstrated to notably amplify
their adhesive properties with epoxies [27].

Given the prevalent use of CF/PEEK and CF/epoxy composites in aerospace appli-
cations, this paper concentrates on gaining additional insights into the co-curing process
of these materials. The study explores CF/PEEK tapes as substitutes for epoxy adhesives
in bonding aerospace carbon fibre/epoxy composites via co-curing. Plasma treatment
was employed to modify the PEEK film surfaces, and the investigation encompassed peel
testing of the composite joints bonded by CF/PEEK tapes.

2. Experimental Details

2.1. Materials

For the present investigation, a CF/PEEK tape in its amorphous form (PEEK A) was
selected, as indicated in Table 1 [28–30]. The employed thermoset resin was RTM6-2, a
dual-component resin designed for resin transfer moulding and infusion processes and to
meet the demands of the aerospace sector (Table 2) [31,32]. The provided reinforcing fiber
came from Hexcel, specifically the HexTow AS4C (Table 3), which consists of a continuous
twill-woven carbon fabric derived from PAN [33].

151



Materials 2023, 16, 7340

Table 1. Nominal specification of CF/PEEK tape: Tg is glass transition temperature [28–30,34].

Commercial Name

Characteristics

Thickness (μm)
Fibre Fraction
Volume (%)

Tg (◦C)
Recrystallisation
Temperature (◦C)

Crystallinity (%) Manufacturer

Aptiv®2000 25 54 143 160 8 Victrex®

Table 2. Nominal specification of RTM6-2 [31,32,35].

Commercial Name

Characteristics

Recommended Cure
Cycle

Tg (◦C)
Gel Time at 140 ◦C

(min)
Resin Injection

Temperature (◦C)
Manufacturer

HexFlow® RTM6-2 120 min at 180 ◦C High 95 80 under vacuum/
low pressure Hexcel®

Table 3. Nominal specification of twill-woven carbon fabric for manufacturing of a composite laminate.

Style Material Number of Fibre Weave Pattern Areal Density

HexTow AS4C Carbon fibre 3K 2 × 2 twill 200 g/m2

2.2. Plasma Treatment

Plasma treatments were conducted utilizing an atmospheric pressure reactor based
on dielectric barrier discharge (DBD) principles. In essence, plasma was initiated within
a DBD setup with a 3 mm gap between two electrodes. Each of these high-voltage alu-
minium plate electrodes was shielded by a glass plate measuring 3.25 mm in thickness.
The plasma discharge was induced through an AC power supply configured to 450 W and
6 kHz, accompanied by a gas mixture of 80% nitrogen (N2) and 20% oxygen (O2). The
upper electrode was moved consistently at a speed of 4 m/min over the lower electrode.
The deposition duration was established at 1 min. For those interested in gaining a more
comprehensive understanding of surface treatment duration, the publication [16] by the
same author is recommended. The plasma treatment process necessitates strict adher-
ence to health and safety considerations to safeguard personnel and maintain regulatory
compliance. Chemical exposure poses a significant concern, as reactive gases utilised in
the plasma treatment may lead to respiratory issues, requiring proper ventilation and
exposure monitoring. High voltages involved in the operation demand thorough training
and the implementation of safety interlocks to prevent electric shocks. Personal protective
equipment, including gloves and eye protection, is imperative to shield against chemical
exposure and potential splashes.

2.3. Co-Curing Process

A descriptive schematic of the co-curing process is shown in Figure 1. Liquid resin in-
fusion (LRI) was utilized for the co-cure processing of the joint interface between CF/PEEK
tape and thermoset matrix composites reinforced with woven carbon fibers (Figure 1a). The
process started by laying up nine plies of twill-woven carbon fabric from Hexcel (Table 3).

The temperature of the samples was monitored with a dielectric sensor positioned at
one end of the preform (Figure 1b). Following this, six CF/PEEK tapes were positioned
next to each other on top of the polyimide film (Figure 1c). The CF/PEEK (Aptiv®2000)
was supplied by Victrex® (Lancashire, UK). The matrix has a glass transition temperature
Tg = 143 ◦C and a recrystallization temperature TC = 160 ◦C. The tapes have an initial
fibre volume fraction (Vf) close to 54 vol% [34]. After placing nine layers of twill-woven
carbon fabric on top, the assembly was covered on the upper side with a flow mesh and
a flexible bag. A vacuum was applied to remove air from the assembly (Figure 1d). The
two-component RTM6-2 [35] was drawn into the assembly at temperatures of 80 ◦C from
the reservoir (Figure 1e). The RTM6 resin is a single-component polyepoxide resin widely
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used in the aerospace industry. This resin is employed in the manufacturing processes of
composites through liquid methods, notably in the LRI process or through injection on
reinforcement, such as in resin transfer moulding (RTM).

Figure 1. Manufacturing processes.

Following the impregnation process, a total of five distinct cure cycles (Figure 2) were
established to investigate the influence of curing cycles on bonding strength. A ramp
between 80 ◦C and the final set temperatures for four distinct cure cycles was 2 ◦C/min
except for the segment 20 min + 150 ◦C, which was 1.2 ◦C/min. Then, each temperature
segment remained constant for a given time (which varied between 20 min and 2 h) before
a cooling ramp at 2 ◦C/min. For each curing cycle, six (6) samples were tested.

In view of the comparison of TTT diagrams (a time–temperature–transformation dia-
gram obtained) with three sets of parameters from the literature [36,37], we can first observe
the similarity in the appearance of the obtained diagrams. However, significant differences
exist, especially in terms of time, between the obtained TTT diagrams. This reflects the
reality of dispersion in reaction rates as well as the variability in the determination of kinetic
parameters. Nevertheless, these graphs provide insight into the behaviour of the resin and
assist in predicting the progress achieved by a curing cycle. These graphs highlight the
role of vitrification concerning the advancement and reaction kinetics of the resin, with
the kinetics being markedly different on either side of vitrification. Most of the literature
focused on investigating the reactive characteristics of pure RTM6 has limited practical
applicability, as it primarily addresses a commercial system that is never utilized without
the reactive binder—a crucial component for achieving the desired properties [38]. Conse-
quently, optimising manufacturing cure cycles was highly valuable. The manufacturing
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process can be divided into two phases. First, the resin is injected (or drawn) through
a dry fabric, known as the impregnation phase. In the second phase, the resin is cured
by applying a temperature cycle. Understanding the curing kinetics of a resin is crucial
for adjusting the composite curing cycles, not only to match the specific requirements of
the part being produced but also to obtain good adhesion between the thermoset and
thermoplastic counterparts. Five curing cycles (Figure 2) as a function of temperature and
time were, therefore, chosen based on the vitrification curve [39].

Figure 2. Five different curing cycles.

2.4. Peel Tests

The 90◦ peel adhesion test according to ILNAS-EN 28510-1:2014 [40] serves the pur-
pose of evaluating the force required to separate the two components that were joined
through co-curing. The outcome of this test, akin to bond strength, is denoted as N (force
to de-bond)/25.4 mm (tape width). The test was conducted at a speed of 0.84 mm/s and
repeated six times. The freely moving table was linked to the crosshead via a pulley and
rope mechanism. This arrangement ensured that the table’s lateral movement matches the
crosshead’s motion, thereby maintaining a consistent 90◦ angle between the two compo-
nents. It is crucial to emphasise that the untreated PEEK/C tape configuration exhibits
inadequate adhesion post-demoulding, making peeling tests unviable.

After the peel test, the fracture surfaces were examined using scanning electron
microscopy (SEM). The SEM analysis was performed with an FEI Quanta FEG 200 scanning
electron microscope from the FEI Company (Hillsboro, OR, USA), operating under pressure-
controlled conditions.

3. Results and Discussion

3.1. Peel Tests

Figure 3a–e presents the relationship between peel force and displacement for sepa-
rately co-cured samples. In general, each curve displays three distinct phases:

1. Initially, there’s an increase in peeling force until the interface starts to propagate.
2. Once the interface begins to propagate, there’s a slight drop in peeling force. As

cracks propagate between adhered materials, the effective load transfer diminishes,
resulting in a reduction in peeling force. It is important to note that Xu et al. (1992) [41]
characterized a viscoelastic plate resembling a cantilever beam subjected solely to
bending. Their findings indicate that interfacial toughness initially rises and sub-
sequently declines with an increase in crack propagation velocity. This implies the
potential presence of peak viscoelastic energy dissipation occurring at an intermediate
crack velocity [42].
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3. This is followed by a peeling process where the peeling force stabilises, represented
by the average force during peeling (indicated by dashed red lines in Figure 3) in
our experiments.

Figure 3. Cont.
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Figure 3. Cont.
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Figure 3. Load displacement for the samples cured at different dwell temperatures and time (six tests
per curing cycle): (a) 2 h at 140 ◦C + 2 h at 180 ◦C, (b) 20 min at 150 ◦C + 2 h at 180 ◦C, (c) 2 h at
150 ◦C + 2 h at 180 ◦C, (d) 2 h at 150 ◦C, (e) 2 h at 180 ◦C. The red dashed line represents the computed
average peeling force derived from multiple iterations.

Since the three distinct phases were not easily recognisable, the boundaries of these
three phases are indicated by blue arrows for each curing cycle scenario in Figure 3. The
force–displacement curves acquired from these tests exhibit diverse patterns contingent
upon the cure cycles. Peel arms characterised by heterogeneity generate periodic peaks
in the peel curve, exemplified by the peak force, denoted as Fmax in Figure 3a,b. Distinct
curve shapes can be attributed to the type or structure of the heterogeneity. In contrast,
debond propagation in samples cured at 150 ◦C for 2 h and at 180 ◦C for 2 h often displays
temporally unstable, or stick–slip crack behaviour—sometimes referred to as “shocky”
or “zippy” behaviour, as depicted in Figure 3c. This intricate phenomenon is influenced
by multiple factors, including constitutive material properties, test rate, test temperature,
specimen and load-train compliance, and system inertia [43]. The associated peel force
versus displacement curve in Figure 3c illustrates the intermittent stick–slip growth of
the crack. The reasons behind the temporal instability of crack propagation typically
involve intricate, multi-physics interactions [44,45], details of which are beyond the scope
of this paper.

It is evident from Figure 3 that each curing cycle resulted in a significantly different
curve for the peel force versus displacement. The notable difference is apparent between
the samples cured initially at 140 ◦C for 2 h and then at 180 ◦C for 2 h, and the samples
cured initially at 150 ◦C for 2 h and 180 ◦C for 2 h. On the other hand, the samples cured
initially at 150 ◦C for 2 h and 180 ◦C for 2 h showed reproducible results, with the least
number of errors among the different samples. Fewer errors confirmed that the samples
are reproducible, and the adhesion between CF/PEEK and CF/RTM6 tends to be more
stable. The CF/PEEK-RTM6 samples co-cured first at 140 ◦C for 2 h and then at 180 ◦C for
2 h (Figure 3a) exhibited significant variability in results without reaching a stable state.
This suggests a lack of valid adhesion between PEEK and epoxy.

In the case of co-curing initially at 140 ◦C for 2 h and subsequently at 180 ◦C for 2 h, a
typical peel result revealed significant force oscillations due to staged crack development,
as illustrated in Figure 3a. Figure 3a clearly depicts a notable reduction in peel force [46]. A
comparable trend, albeit more moderate, was observed for the co-curing scenario, where
the initial step involved curing at 150 ◦C for 20 min, followed by a subsequent curing
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at 180 ◦C for 2 h. This observation emphasises how curing conditions, like temperature
and time, impact interphase formation and peel strength. Additionally, the stable crack
propagation typically seen in unidirectional (UD) reinforced materials during testing
isn’t observed here, as we are dealing with woven fabric composites, particularly tough
thermoplastic composites like CF/PEEK [47]. Unlike the previous observation, the results
for samples cured at 150 ◦C for 2 h and 180 ◦C for 2 h showed a stable dataset. The
oscillated crack propagation, especially in samples cured at 150 ◦C for 2 h and 180 ◦C
for 2 h, is related to collective interactions of contact areas. In this process, when peeling
occurs, a crack initiates and moves through the interface faster than the peel arms can
move. When the peel arms loosen, the crack stops, and this cycle repeats, creating the
characteristic stick–slip pattern [48] seen in Figure 3c. This unstable stick–slip crack growth
is associated with structural transitions, such as moving from cohesive to interfacial failure
or between different interfacial failure modes, confirming the formation of the PEEK and
RTM6 interfaces [49]. Notably, the details of the stick–slip pattern depend on the dwell
temperature relative to the glass transition temperature (Tg) of PEEK. Above the Tg, epoxy
polymeric chains/PEEK are in a mobile state and can further dissolve/diffuse during the
co-curing process, resulting in a thicker interface.

Figure 3d,e also demonstrate that a single-dwell curing cycle may halt the diffusion
process, leading to weaker stick–slip behaviour and lower displacement compared to two
dwell curing cycles. This effect becomes more pronounced with longer dwell times (2 h)
and higher temperatures (150 ◦C). Specifically, a 2 h dwell at 150 ◦C and 2 h at 180 ◦C allow
for longer mobility and diffusion times after reaching the nominal gel point. However,
when considering the 20 min dwell time, these graphs emphasise the distinct impact of
vitrification on the resin’s reaction kinetics. It is evident that the kinetics vary significantly
on either side of the vitrification point, depending on the duration. Specifically, at 150 ◦C,
vitrification begins after approximately 100 min [36].

The results of the maximum mean peel force were compared statistically with respect
to the curing cycle, as shown in Table 4. The curing cycle clearly exhibited a significant
impact. While the peel force for the curing cycle of 2 h at 140 ◦C + 2 h at 180 ◦C was the
highest compared to other curing cycles, it also showed the highest coefficient of variation,
at 22%, confirming a high scatter and oscillation in the peel test results. On the other hand,
although the mean peel forces for the samples cured for 2 h at 150 ◦C + 2 h at 180 ◦C were
more consistent, they still showed a high coefficient of variation compared to the single-
dwell curing cycle. This is primarily because one out of six samples showed a sudden
increase in peel force due to an earlier failure.

Table 4. Statistical analysis of maximum peel force of six iterations for each corresponding curing cycle.

Curing Cycle
Mean of Maximum Peel Forces

(M) (N/mm)
Standard Deviation (sd)

Coefficient of Variation
(sd/M × 100)

2 h at 140 ◦C + 2 h at 180 ◦C 2.10 0.5 21.9
20 min at 150 ◦C + 2 h at 180 ◦C 1.71 0.45 25.4

2 h at 150 ◦C + 2 h at 180 ◦C 1.37 0.2 15.2
2 h at 150 ◦C 1.17 0.11 9.7
2 h at 180 ◦C 1.22 0.071 5.7

3.2. Microscopic Investigation of the Interfaces of the Joints

To further explore the microscopic assessment of cohesive strength at the interface,
Figure 4 showcases a spectrum of failure modes, ranging from adhesive and cohesive
failures within the co-cured interface to the potential failure of the thermoplastic tape.
The observed failure mode varies depending on the specific dwell cure cycles employed.
For the single dwell cure cycle (Figure 4a, 2 h at 180 ◦C), we identified a partial cohesive
failure through the thermoplastic composite (TPC), distinguished by a notably rough
surface. Additionally, as seen in Figure 4a, adhesive failure was observed, characterized
by a smooth surface. One explanation for the adhesive failure is the highly crosslinked
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epoxy, which obstructed the formation of a complete interface. In the case of two dwell cure
cycles, it is apparent that the surface was rougher compared to that of a single dwell cure
cycle (Figure 4b,c). Nevertheless, adhesive failure on the TPC side was noticeable when
curing at 140 ◦C for 2 h followed by curing at 180 ◦C for 2 h. Conversely, for the scenario
involving curing at 150 ◦C for 20 min and then 2 h at 180 ◦C, the dominant mechanism was
cohesive failure through TPC. Nonetheless, as depicted in Figure 3b, a sudden increase or
decrease in peel force was evident, leading to the dissipation of release energy caused by
the presence of micro-cracks during the peeling process. Consequently, despite cohesive
failure, there was a lower level of reproducibility observed among the samples.

Figure 4. Cont.
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Figure 4. SEM images of the fracture surfaces of the co-cured samples after peel tests: (a) 2 h at
180 ◦C, (b) 2 h at 140 ◦C + 2 h at 180 ◦C, (c) 20 min at 150 ◦C + 2 h at 180 ◦C.

For the co-cured joint interface subjected to a curing cycle of 2 h at 150 ◦C followed
by 2 h at 180 ◦C, the surface of the fracture exhibited greater roughness compared to the
other samples cured under different cycles. Generally, a rougher fracture surface indicates
increased material toughness. As depicted in Figure 5, we observe ‘tied’ fibres in this
scenario, where strips of the matrix have been cleanly peeled from the fibre surface. These
occurrences result from the fibres being pulled from the surfaces during the peeling test,
consequently inducing localised shear at the interface. These localised deformations are
well-correlated with changes in crack speed (stick–slip growth) or the partial arrest of the
10−3 crack front.

These findings offer exciting prospects for the assembly of hybrid structures through
co-curing. However, the underlying physical mechanisms responsible for submicron inter-
diffusion need further exploration. The interdiffusion of resin molecules into thermoplastic
materials is acknowledged to bring about alterations in the microstructure through pro-
cesses like dissolution and swelling. This, in turn, leads to modifications in the physical
and mechanical properties of the thermoplastics, influencing diffusion and interphase
formation [50]. However, a comprehensive understanding of the interdiffusion process
involving a reactive resin into thermoplastics during the co-curing process remains largely
unexplored due to several challenges and complexities. These challenges include: (i) the
continual changes in the molecular weight and structure of the thermosetting resin during
the curing process; (ii) the substantial influence of curing reactions and interdiffusion on
environmental conditions; and (iii) the unclear mechanism of diffusion and post-diffusion
phenomena, such as gelation and phase separation [51]. Our ongoing experimental investi-
gation of the interphase involves reproducing the diffusion phenomena without carbon
fibre. This approach allows for more precise sample preparation conducive to sub-micron
observations using atomic force microscopy (AFM).
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Figure 5. SEM images of the fracture surfaces of the co-cured samples at 150 ◦C for 2 h and at 180 ◦C
for 2 h. TPS stands for thermoset.

4. Conclusions

This study introduces an innovative technique involving the co-cure bonding of
dissimilar carbon fibre/epoxy (CF/Ep) and carbon poly-ether-ether-ketone (CF/PEEK)
composites. An enhancement in mechanical interlocking was achieved by subjecting the
C/PEEK tape surface to atmospheric plasma treatment. Key aspects of this approach
include: (i) the implementation of a one-step co-cure bonding process that preserves the
integrity of the thermoset components; and (ii) the simplicity of this welding process,
obviating the need for an intermediary thermoplastic interlayer. The insights derived from
this research showed that:

(1) The curing cycle exerts influential contributions to thebonding characterisation of co-
cured interfaces of PEEK/RTM6. The results showed that curing temperature and time
are of high importance, and hence the peeling test results do help in understanding
which cure cycles can lead to strong bonds between PEEK/RTM6.

(2) While peeling force for the cure cycle of 2 h at 140 ◦C + 2 h at 180 ◦C showed higher
values in some of the iterations, the curing cycle of 2 h at 150 ◦C + 2 h at 180 ◦C
showed reproducible results, and the adhesion between PEEK and RTM6 tends to be
more stable.

Further study would have to be made to measure the impact of peeling velocities
where stick–slip behaviour becomes prominent. In forthcoming investigations, we plan to
explore how surface roughness affects the specific characteristics of the stick–slip pattern.

Funding: This DefenceTech Project called INSHO (Innovative manufacturing approach for in-situ
consolidation of high-performance thermoplastic composite sandwich structure based on honeycomb
core) benefits from the shared financial support by the Ministry of Foreign and European Affairs,
Directorate of Defence, the Ministry of Economy, and the Luxembourg National Research Fund (FNR)
under the research grant DEFENCE22/MS/17800381.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors greatly appreciate the support of Sébastien Gergen, Sébastien Klein
and Loic Borghini for the plasma treatment, manufacturing of composite plates and mechanical
tests from Luxembourg Institute of science and technology. This scientific paper is dedicated to the

161



Materials 2023, 16, 7340

memory of our dear mentor and companion, Gérard Joly (1949–2023), whose remarkable inventions
and contributions to the field of thermoplastic composite welding continue to inspire and guide
our work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chawla, K.K. Composite Materials; Springer Science and Business Media LLC: Dordrecht, The Netherlands, 2019; ISBN 9783030289829.
2. Yousefpour, A.; Hojjati, M.; Immarigeon, J.-P. Fusion Bonding/Welding of Thermoplastic Composites. J. Thermoplast. Compos.

Mater. 2004, 17, 303–341. [CrossRef]
3. Villegas, I.F.; van Moorleghem, R. Ultrasonic welding of carbon/epoxy and carbon/PEEK composites through a PEI thermoplastic

coupling layer. Compos. Part A Appl. Sci. Manuf. 2018, 109, 75–83. [CrossRef]
4. Otheguy, M.; Gibson, A.; Robinson, A. Fusion bonding of structural T-joints for thermoplastic composite boats. J. Thermoplast.

Compos. Mater. 2013, 26, 419–442. [CrossRef]
5. Ahmed, T.; Stavrov, D.; Bersee, H.; Beukers, A. Induction welding of thermoplastic composites—An overview. Compos. Part A

Appl. Sci. Manuf. 2006, 37, 1638–1651. [CrossRef]
6. Panneerselvam, K.; Aravindan, S.; Haq, A.N. Study on resistance welding of glass fiber reinforced thermoplastic composites.

Mater. Des. 2012, 41, 453–459. [CrossRef]
7. Stavrov, D.; Bersee, H. Resistance welding of thermoplastic composites-an overview. Compos. Part A Appl. Sci. Manuf. 2005,

36, 39–54. [CrossRef]
8. Van Ingen, J.W. Thermoplastic Orthogrid Fuselage Shell. SAMPE 2016, 52, 7–15. Available online: https://www.researchgate.

net/publication/307926694 (accessed on 19 October 2023).
9. Ageorges, C.; Ye, L.; Hou, M. Advances in fusion bonding techniques for joining thermoplastic matrix composites: A review.

Compos. Part A Appl. Sci. Manuf. 2001, 32, 839–857. [CrossRef]
10. Villegas, I.F.; Moser, L.; Yousefpour, A.; Mitschang, P.; Bersee, H.E. Process and performance evaluation of ultrasonic, induction

and resistance welding of advanced thermoplastic composites. J. Thermoplast. Compos. Mater. 2013, 26, 1007–1024. [CrossRef]
11. Amend, P.; Frick, T.; Schmidt, M. Experimental Studies on Laser-based Hot-melt Bonding of thermosetting Composites and

Thermoplastics. Phys. Procedia 2011, 12, 166–173. [CrossRef]
12. Ageorges, C.; Ye, L. Resistance welding of thermosetting composite/thermoplastic composite joints. Compos. Part A Appl. Sci.

Manuf. 2001, 32, 1603–1612. [CrossRef]
13. Van Ingen, J.W.; Buitenhuis, A.; Van Wijngaarden, M.; Simmons, F. Development of the Gulfstream G650 induction welded

thermoplastic elevators and rudder. In Proceedings of the International SAMPE Symposium and Exhibition, Seattle, WA, USA,
18–21 May 2010.

14. Deng, S.; Djukic, L.; Paton, R.; Ye, L. Thermoplastic–epoxy interactions and their potential applications in joining composite
structures—A review. Compos. Part A Appl. Sci. Manuf. 2015, 68, 121–132. [CrossRef]

15. Yuan, X.; Jayaraman, K.; Bhattacharyya, D. Effects of plasma treatment in enhancing the performance of woodfibre-polypropylene
composites. Compos. Part A Appl. Sci. Manuf. 2004, 35, 1363–1374. [CrossRef]

16. Perrin, H.; Mertz, G.; Senoussaoui, N.-L.; Borghini, L.; Klein, S.; Vaudemont, R. Surface functionalization of thermoset composite
for infrared hybrid welding. Funct. Compos. Mater. 2021, 2, 10. [CrossRef]

17. Renart, J.; Costa, J.; Sarrado, C.; Budhe, S.; Turon, A.; Rodríguez-Bellido, A. Mode I fatigue behaviour and fracture of adhesively-
bonded fibre-reinforced polymer (FRP) composite joints for structural repairs. In Fatigue and Fracture of Adhesively-Bonded
Composite Joints; Elsevier: Amsterdam, The Netherlands, 2015; pp. 121–147. [CrossRef]

18. Wu, W.; Abliz, D.; Jiang, B.; Ziegmann, G.; Meiners, D. A novel process for cost effective manufacturing of fiber metal laminate
with textile reinforced pCBT composites and aluminum alloy. Compos. Struct. 2014, 108, 172–180. [CrossRef]

19. Wu, W.; Klunker, F.; Xie, L.; Jiang, B.; Ziegmann, G. Simultaneous binding and ex situ toughening concept for textile reinforced
pCBT composites: Influence of preforming binders on interlaminar fracture properties. Compos. Part A Appl. Sci. Manuf. 2013,
53, 190–203. [CrossRef]

20. Fu, X.; Wu, X.; Huang, G.; Li, W.; Kang, S.; Wang, L.; Luo, J.; Pan, Z.; Lu, W. Fusion Bonding Possibility for Incompatible Polymers
by the Novel Ultrasonic Welding Technology: Effect of Interfacial Compatibilization. ACS Omega 2022, 7, 14797–14806. [CrossRef]

21. Moretti, L.; Olivier, P.; Castanié, B.; Bernhart, G. Experimental study and in-situ FBG monitoring of process-induced strains
during autoclave co-curing, co-bonding and secondary bonding of composite laminates. Compos. Part A Appl. Sci. Manuf. 2021,
142, 106224. [CrossRef]

22. Hasan, Z.; Rader, J.; Olson, A.; Turpin, D.; Onge, R.S.; Amback, J. Design, analysis and fabrication of thick co-cured wing
structures. Compos. Part B Eng. 2019, 177, 107335. [CrossRef]
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