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aUniversité de Nantes, CNRS, Laboratoire de thermique et énergie de Nantes, LTeN, UMR
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Abstract

Thermoplastic welding, tape placement, 3D printing, overmoulding or even ther-
mostamping involve adhesion of thermoplastic polymer at high temperature.
Build-up of the mechanical resistance between two substrates is usually as-
sumed to be driven by the diffusion of macromolecules at the interface, called
healing phenomenon. Moreover, in continuous processes, such as some used
in manufacturing of composites for aerospace structures, cycles are very short.
Thus, there is a need for quantifying the adhesion of such materials especially
when processed for short durations. With this aim, a temperature and pressure
controlled welding bench was designed to enable the welding of double can-
tilever beam samples for short time (down to 1s). Adhesion of a carbon/PEKK
composite was characterized over a wide range of residence times ranging from
1 second to 1 hour. Three bonding regimes were observed, corresponding to
different stages of the adhesion build-up at the interface. Finally, the healing
kinetics was identified.

Keywords: A. Thermoplastic resin, B. Adhesion, D. Mechanical testing, E.
Assembly

1. Introduction

Thermoplastic matrix composites have gained popularity over recent decades
partly because they do not require lengthy curing cycles, thus speeding their
processing. Moreover, the ability to melt the matrix has led to many new
forming and assembling processes, including thermo-forming, automated tape
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placement, 3D-printing, pultrusion or welding processes such as ultrasonic or in-
duction welding. In order to ensure good final quality, all these processes require
heating and consolidation steps. Depending on authors, the word consolidation
can refer to several different mechanisms: reduction of voids to fulfill allowable
porosity levels [1–3], minimization of internal stresses [4] or maximization of the
final crystallinity [5]. In this paper, we focus on the adhesion between plies [6–8]
or between two composite parts in welding processes [5, 9–11]. The difference
with the previously described consolidation phenomenon is that in our case we
are interested in the interfacial consolidation between the coupons which we will
refer to as adhesion. The autohesion phenomenon [12, 13] of the thermoplastic
matrix is indeed a crucial mechanism that needs to be controlled in order to
ensure sufficient end-quality of the welds.

Adhesion of thermoplastics, and more specifically thermoplastic composites,
has been investigated for years. To enable adhesion, the composite substrates
are pressed together for a certain time above the processing temperature of
the polymer matrix. Several phenomena then lead to a build-up of strength
at the interface [5, 14, 15]. Wool and O’Connor [12] described the adhesion
process as a succession of five steps: (1) surface rearrangement, (2) surface
approach, (3) wetting, (4) diffusion and (5) randomization. During the first
two stages, the assembly has no mechanical strength as the initial interface
still exists. First, deformation of the surface roughness, driven by the contact
pressure and wetting, is required to ensure contact at the microscopic scale.
This is the so-called intimate contact, which has been studied and modelled by
several authors in various manufacturing processes. Once intimate contact is
achieved, the interface gradually disappears through a healing process (steps (4)
& (5)), and the mechanical strength at the interface develops to finally approach
that of the bulk.

Contact between two substrates is not immediately perfect because of sur-
face roughness. The concept of intimate contact was introduced to take into
account the initial roughness of the surfaces and the evolution of physical con-
tact between the substrates. Dara and Loos [16] first introduced the degree
of intimate contact Dic, which increases to 1 for full contact. Dara and Loos’
model was then simplified by Lee and Springer [1] who modelled the surface as
a succession of identical rectangles that spread under temperature and pressure
loading. Some attempts were made to improve this geometrical description, e.g.
Yang and Pitchumani [17]. All these models of the degree of intimate contact
use a characteristic intimate contact time tic [1]:

tic ∼
µ(T )

P
(1)

where P is the closing pressure applied between the adherends and µ(T ) is an
effective temperature-dependent viscosity of either the polymer or the composite
blend.

Once intimate contact is established, the macromolecules are free to move
across the interface through the inter-diffusion process, which is also called au-
tohesion in the case of two similar composite parts. This motion is usually

2



described by de Gennes reptation theory [18] where a molecular chain is consid-
ered as though confined in a tube representing the topological constraints due
to neighboring chains, which prohibits lateral motions along the tube. Since the
chain can only relax along the tube direction, the chain ends are free to move in
any direction away from the tube so that the memory of the initial conformation
is gradually lost up to a time trep, called the reptation time, when the chain
has completely forgotten its initial configuration. The degree of healing Dh is
classically defined as the ratio of the interface strength σ to bulk strength σ∞
and is thus written [1, 12, 16]:

Dh =
σ

σ∞
=

(
GIC

GIC,∞

)1/2

(2)

where GIC,∞ is the bulk fracture energy.
Some authors [19–21] have different theories to relate the microscopic scale

macromolecule diffusion to the macroscopic mechanical properties. All agree
that the fracture energy GIC of the interface increases with the square root of
time. Wool and O’Connor [12] showed that when the reptation time approaches,
diffusion and randomization stages are completed and the maximum mechanical
strength of the interface is reached. For long macromolecules, the full mechanical
strength may be reached even for partial chain diffusion. Some authors [12, 21–
23] therefore suggest to define the welding time tw,∞ required to reach the
maximum mechanical strength of the interface. Thus this welding time tw,∞ is
lower than the reptation time trep and

Dh =

(
t

tw,∞

)1/4

, (3)

can be adopted for isothermal conditions.
Within the scope of composite manufacturing process modelling, the above

law of evolution can classically be extended to anisothermal temperature cy-
cles [1, 24, 25]. One then needs to integrate the degree of healing rate which is
written:

d
(
D4

h

)
dt

=
1

tw,∞
(4)

This is a classical approach used in the modelling of several manufacturing pro-
cesses, such as press forming or compression moulding [16, 26], tape placement
processes [6, 7] or welding [27].

Welding processes and adhesion mechanisms are well understood for unre-
inforced thermoplastics, where the mechanical resistance of the welded parts
approaches the bulk properties of the adherends. In the case of fibre reinforced
thermoplastic composites, some issues may arise due to their manufacturing and
to the simple presence of fibres, often at very high volume fractions:

• confinement effects due to the presence of fibres, especially the case at
high fibre fractions where the mean distance between fibres is very low,
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• low amount of matrix available to melt at the interface,

• high roughnesses, due to the fibrous structure, leading to very different
intimate contact from neat polymers,

• internal stresses intrinsically present at different scales (fibres, fibre bun-
dles or unidirectional plies) [4],

• thermal history, such as autoclave cycle, that can induce matrix changes,
especially for high performance composites that are processed at high
temperature [28, 29]; it can also generate additional internal stresses likely
to influence the adhesion values.

Overall, adhesion theories have been well experimentally validated for long
residence times, ranging from a few minutes to a few days [1, 16, 24, 30]. How-
ever, composite forming processes are becoming faster and faster (some are even
continuous) and the adhesion step is expected to be as short as possible, with
residence time around a few seconds as shown in Fig. 1. A proper characteriza-
tion of the mechanical bond between adherends for such short residence times
is, therefore, very relevant to understanding and controlling the rapid processes
used in the industry.

The first section of this paper presents the materials and the experimen-
tal approach developed in this work, including the design of a new laboratory
scale bench dedicated to the study of composite adhesion kinetics at short resi-
dence time by the means of a stopped welding experiment. The second section
validates this novel procedure. In the last section, results for an industrial aero-
nautical grade thermoplastic composite are presented. The obtained bonding
kinetics is identified and compared with existing results on longer residence
times.

2. Experimental methods

This section describes the adhesion characterization procedure. Thermoplas-
tic composite laminate coupons were welded together using the welding bench.
The adhesion was then assessed using a double cantilever mechanical test fol-
lowing the ASTM standard [31].

2.1. Material

The material used in this study was an aeronautical grade Arkema PEKK
7002 thermoplastic reinforced with carbon fibres. Laminates consisted of 12
plies of symmetric unidirectional fibre layup of [0◦/90◦]. Samples were hand
laid-up into a flat plate. On one of the surfaces, a 50 µm thick film of neat
PEKK polymer, shown in Fig. 2, was applied to ease the welding process. The
layup was then consolidated in an autoclave at 380◦C for 2 hours. The melting
temperature of this material ranged from 300◦C to 350◦C, with a melting peak
temperature of 330◦C. The crystallization kinetics of the PEKK 7002 matrix
was investigated by Choupin et al. [32] and found to be rather slow compared
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to other high performance thermoplastics: the matrix is partially amorphized
at a cooling rate of 20◦C/min and completely quenched at 50◦C/min.

The manufacturer recommends processing at a temperature above 350◦C. It
has been shown degradation can occur at such temperatures, associated with
chemical modification [28, 29], which likely influences the welding time, as dis-
cussed below.

Before the welding experiments, the 2.3 mm thick composite plates were cut
into 125 x 25 mm samples (Fig. 3) using a Protomax waterjet cutting machine.
A countersunk hole was machined in each sample 10 mm from one end to in-
sert a loading pin used for gripping the sample during the fracture test. The
coupons were then manually cleaned using acetone solvent and dried in a vac-
uum chamber at 180◦C for 20 hours in order to remove residual water and limit
the laminate deconsolidation phenomenon that would occur during the welding
sequence.

The side of the composite that would be in contact with the mold was covered
with polyimide tape to facilitate the removal of the welded coupons after the
welding procedure. The initial crack between the two composite adherends was
created by inserting a non-adhesive 20 µm thick aluminum foil between the two
samples at 50 mm from the load application point such that the welded area
was 65 mm long by 25 mm wide, matching the ASTM D5528 standard. Finally,
the loading pins were inserted into the samples prior to the welding experiment.
They were engaged in a cavity machined inside the mold as described in the
next section.

2.2. Experimental welding bench

The welding bench was developed for welding composite substrates for a
finite amount of time (down to a few seconds) and under constant isothermal
conditions. The TACOMA (for Thermo-Adhesion by COnductive heating of
composite MAterials) setup is shown in Fig. 4.

Design. The mold comprises two L-shaped copper symmetric platens. One is
static and the other moving. Their dimension is the same as that of the samples,
i.e. the width b is 25 mm and the length L 125 mm. Thus, the entire lengths of
the samples are heated and pressed together. Additionally two lateral copper
plates (one on each side of the mold) are fastened on the mold to separate the
cavity from the ambient air and ensure a confined cavity. In order to avoid
holding issues of the samples [33], the setup was designed with the moving
platen sliding horizontally. Thus, the samples are simply positioned vertically
on each platen, facing each other and resting on their sides. Thanks to the
lateral plates, the static platen acts as a die and the moving platen as a punch.
Finally, a slider is attached to the insulating material of the sliding platen to
control the shear edge gap and bear the weight of the platen.

Temperature control. Control thermocouples are embedded inside the copper
platens near the sample surfaces (1 mm from the surface). The platens are
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heated with heating cartridges. Additionally, two internal channels were ma-
chined in each platen in order to allow fast and spatially homogeneous water
cooling of the copper mold, thus making it possible to quench the samples and
perform stopped experiments.

Pressure control. The moving platen is attached in series to a pneumatic piston,
a load cell and an insulating material to protect the load cell from the high
temperatures and to limit heat losses. The 80 mm diameter pneumatic piston
uses compressed air with a maximum entry pressure of 6 bars, which results in
a maximum force of 5 kN corresponding to a maximum effective pressure on the
samples of about 10 bars. The force is recorded with a 10 kN load cell.

Synchronisation. The temperature PID controller, piston pressure application
and water quenching are all controlled automatically via a homemade Labview
interface. Temperatures and forces are also acquired in Labview every 0.5 s. The
whole procedure is written in one integrated program, ensuring synchronisation.

Protocol. The experimental protocol to weld the two composite coupons is illus-
trated in Fig. 5. After positioning the two substrates in the mold with a platen
open to ensure a separation gap, the procedure can be divided into five steps:

1. heating of the copper block from room temperature up to a temperature
higher than the melting temperature of the material (at first the two
samples are not in contact and the matrix-rich surfaces are facing each
other),

2. homogenization of the temperature at the surface of the coupons for a
dwell time tdwell,

3. once the setpoint temperature is reached and homogeneous inside the
mold, pressure is applied with the pneumatic piston to weld the samples
during a defined contact time tc,

4. fast cooling of the setup with water circulation to stop the welding process
and

5. the pressure is released.

2.3. Double Cantilever Beam (DCB) fracture test

The mechanical strength of the welded interface was assessed using a double
cantilever beam (DCB) fracture test following the ASTM D5528 standard [31].
The welded samples were mounted on a 100 kN Zwick Roell tensile machine and
homemade sample holders were used to fix the loading pins onto the machine
grips. Tests were performed in displacement control mode with a constant dis-
placement rate v of 1 mm.min−1, which corresponds to a quasi-static condition.
The pins were designed and machined to minimize unwanted torque in the load
(see Fig. 6). The pins did not, in fact, conform to the ASTM standard which
suggests bonded systems. Nevertheless their design prevented failure between
the sample and the pins since they were directly inserted into the sample. Fur-
thermore, they were well centred in the sample width, which prevented torsion
phenomena.
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The load and displacement were continuously recorded during the test. In-
trinsically, due to the nature of DCB tests on composite plates, the lever arm
between the application point and the welded area generates bending inside
both composite plates, which results in some elastic energy storage.

The mode I strain energy release rate also called interlaminar fracture tough-
ness is defined as the energy necessary to propagate a crack over a unit surface.
For an elastic linear structure, the analysis of a double cantilever beam test is
based on the change of compliance. The growth of a crack from a to a + ∆a
induces a change in the compliance, resulting in a loss of the stored energy.
In this method, the compliance is determined using standard Euler-Bernoulli
beam theory, which considers that the adherents are cantilevered at the crack
tip. It is then possible to determine the interlaminar fracture toughness from
the Irwin-Kies equation [34]:

GI =
P 2

2b

∂C

∂a
(5)

where b is the width of the samples, P is the applied force. The compliance
C = δ/P and the displacement δ at the loading point, according to Euler-
Bernoulli beam theory are respectively:

C =
8a3

Ebh3
δ =

2Pa3

3EI
(6)

where h is the thickness, E is the Young modulus and I = bh3/12 is the moment
of inertia of the beam.

The derivation of Eq. (6) and substitution in (5) gives the most frequently
used expressions of the mode I interlaminar fracture toughness [31, 35]:

GI =
3PδF

2ba
(7)

where F is a correction factor accounting for large displacement effects [31], i.e.
shortening of the moment arm and tilting of the loading pins. This factor is
strongly dependent on the sample and pin geometry and clamping stiffness.

2.4. Test matrix

Welding tests were carried out for three different temperatures above the
melting temperature of the polymer matrix: 355, 370 and 380◦C, and for various
contact times from 1 second to 1 hour, as detailed in Table 1. At least three
replicates were performed for each contact time at 355◦C and 380◦C. These two
temperatures were thoroughly investigated whereas less data points were tested
for 370◦C.

3. Procedure validation

The adhesion characterization procedure consisted of the stopped welding
experiment in the TACOMA bench followed by a DCB test to assess bonding
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quality. In this section, temperature homogeneity and quenching quality in the
TACOMA bench are first discussed. We then cover how the DCB test is then
validated.

3.1. Thermal management

Temperature homogeneity inside the TACOMA setup was first characterized
by placing a type K thermocouple at different locations between the two copper
platens of the mold without any samples, such that the thermocouple did not
touch the mold. These tests were performed with and without the two lateral
copper plates described in section 2.2.

Samples instrumented with 80 µm type K thermocouples were also tested
in the TACOMA setup. The thermocouples were embedded on the matrix-rich
layer of samples, at locations given in Table. 2, in order to record the tempera-
ture at the interface between the two samples during the welding sequence. The
sequence consisted in heating to 380◦C, followed by 100 seconds contact.

Fig. 7 shows the evolution of the temperature at the interface between the
two samples at different positions during the welding sequence. At first, the
characteristic cooling rates in the mold and at the sample interface (at position
T4) are 20◦C.s−1 and 12◦C.s−1, respectively. This confirms that the sample was
quenched. According to the crystallization kinetics identified by Choupin et al.
[32], the sample is completely amorphous. This validates the rapid stopping of
the healing process. This test, therefore, allows the determination of the time
needed for the targeted temperature at the interface to be reached, which occurs
during the heating phase. The lateral plates indeed prevent natural air convec-
tion in the cavity. In order to perform an isothermal welding cycle, the pressure
must be applied once the interface has reached the targeted temperature. For
a welding temperature of 380◦C, the dwell time is about 300 seconds.

The test also provided information on edge effect. Indeed, samples are po-
sitioned against the copper mold. All faces of the sample except the one that
will be welded are in contact with the copper. Therefore, a 3D temperature
gradient develops in the samples and leads to gradients in degree of adhesion.
The instrumentation of the sample along its width validated that edge effects
are present on the sides. For instance, in Fig. 7, heating and cooling rates
are faster for thermocouple T3. The edge effects are crucial during the cooling
phase since they might induce a healing degree profile along the width of the
sample: the centre of the sample stays at a high temperature for longer before
the cooling starts. The iso degree of adhesion along the sample width could
therefore present a profile that is not straight. Nonetheless, as discussed in the
following section, the adhesion gained during cooling was negligible compared
with that gained during the contact phase under isothermal conditions.

3.2. DCB validation

The load-displacement curves obtained from the double cantilever beam frac-
ture tests are presented in Fig. 8. They present a saw-tooth behaviour char-
acterized by sudden drops in the recorded force that correspond to unstable
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fractures. This is known as stick-slip crack growth [36] accompanied by high-
speed propagation and arrest. In contrast, stable behaviour is characterized by
continuous crack growth with increasing displacement. This phenomenon has
been observed by different authors. Harkous et al. [33] attributed it to very
rapid failure of the welded area and explained that, for high resistance compos-
ite, the large amount of energy released causes a long propagation of the crack
and, consequently, a complete breaking of the part. Sacchetti et al. [37] also
observed this unstable behaviour for unidirectional Carbon/PEEK laminates
and explained that it was due to a non-uniformity of the matrix rich layer at
the surface of their samples, resulting in a non-uniform interlaminar fracture
toughness along the crack path.

Due to unstable crack propagation and difficulties in measuring crack length
during the double cantilever beam test, interlaminar fracture toughness GIC

can be calculated at the crack initiation point, corresponding to the first peak
in the load-displacement curve. At this point, the crack length is known and
corresponds to the length a0 of the non-adhesive aluminum insert. These GIC,ini

values are calculated using Eq. (7).
In order to confirm the relevance of this GIC,ini value, incremental DCB tests

were performed. This consisted in positioning a clamp at different positions
along the sample length to stop crack propagation and performing a DCB test.
Once the crack had propagated from its initial length to the one corresponding
to the clamp position, the samples were unloaded at 25 mm.min−1, the clamp
was moved to a further position and the samples were reloaded at 1 mm.min−1.
This allowed the calculation of GIC at each position of the clamp, corresponding
to different known crack lengths. The load-displacement curves corresponding
to these tests are presented in Fig. 9. The propagation of the crack remained
unstable between two locations of the clamp, characterized by a sudden force
drop. GIC values were calculated as before using Eq. (7), with a being the
location of the clamp from the loading application point, in this case successively
55, 60, 65 and 75 mm. The first value corresponds to the crack initiation GIC,ini

while the other values are associated with crack propagation and can be written
as GIC,prop. As visible from Fig. 9, incremental curves sometimes exhibit a slight
non-linearity before the next propagation of the crack. This can be attributed to
the fact that the clamp might not perfectly stop the crack propagation leading
to a more disturbed crack front for the next clamp position. This leads in turn
to this observed change of compliance. Evolution of GIC values versus crack
length is plotted in Fig. 10 for three different welding times. This incremental
test is particularly useful for samples welded for very short residence times, due
to low fracture resistance and heterogeneity along the total welded length. In
practice, it was only used for low adhesion situations.

The repeatability of the classical DCB tests shows a 15 % error on GIC,ini

measurement. This 15 % error was applied to the first point of the incremental
DCB test. In Fig. 10 the hatched area corresponds to this error measurement
interval and the dotted line to GIC,ini value. Overall, the GIC,porp obtained
from incremental DCB tests all fall within this interval. For our material, this
validates that the energy release rate for crack propagation equates that for
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initiation. Thus, GIC,ini will be used in the following the initiation values.

4. Results and discussion

In this section, the characterization methodology described above is applied
to the Carbon-PEKK material. The experimental campaign described in sec-
tion 2.4 and Table 1 is followed.

4.1. Bonding regimes

Interlaminar fracture toughness of the samples welded at different tempera-
tures are plotted against contact time in Fig. 11, where three adhesion regimes
can be identified. Micropgraphs and SEM images of the interfaces corresponding
to these respective regimes are visible in Figure 12.

The first regime corresponds to a short residence time during which intimate
contact is not completed. Air gaps are visible at the welded interface in Fig. 12.
Contact is probably achieved only at a few spots where healing has started.
Healing is also probably incomplete at those contact points, which results in
overall poor bonding energies as evidenced by the SEM images in Fig. 12. It
should be remembered that for this TACOMA test, the closing pressure is fairly
high (3.2 bars) and thus ensures rapid intimate contact compared with the
healing phenomenon, as clearly seen in Fig. 11.

The second regime starts when intimate contact is fully achieved on the
whole surface and the evolution of bonding energy is only due to healing. This
regime will be discussed in the next section and used for healing kinetics iden-
tification. The micrograph in Fig. 12 reveals a residual matrix-rich layer at
the interface. The SEM image shows matrix deformation indicating that the
fracture is mostly cohesive. Adhesion is polymer autohesion.

Finally, in the terminal regime, the fracture energy is still increasing with
time. The cross-section shows that the resin-rich layer has disappeared due
to fibre motion and resin bleed. This stage is characterized by a competition
between matrix cohesive bonding and other adhesion phenomena such as fibre
bridging combined with differential flow and segregation of the polymer matrix,
as seen sparsely in Fig. 12. Such phenomena lead to higher values of GIC and
are thus not associated with autohesion healing process through macromolecule
reptation. In addition, these values present a strong standard deviation due to
the non-repeatability in the occurrence of these phenomena. Such observations
of fibre bridging have been reported in the literature [38, 39] but, as mentioned
by Sacchetti et al. [37], these studies were based on typical consolidation tech-
niques such as hot plate pressing or autoclave manufacturing, characterized by
long residence time that allow the fibres to migrate at the interface. In the case
of welding for a short residence time, fibre bridging is expected to be reduced,
especially with the presence of a matrix-rich region at the interface. In our case,
the observed fibre bridging can be related to these consolidation studies since it
only occurs at long welding time. Thus, this validates that the corresponding
bonding energies are part of a third regime where healing is already complete.
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GIC values can be seen to reach a small plateau at the end of the second
regime. GIC,∞ was calculated as the mean value of GIC measured on this
plateau and is equal to 2.3±0.1 kJ.m−2. It corresponds to the maximum mode
I interlaminar fracture toughness of fully healed samples, i.e. to Dh = 1. Values
of mode I interlaminar fracture toughness GIC might seem high compared with
values for high performance polymers found in the literature. This is explained
by the TACOMA welding process cycle. At such a high cooling rate, the matrix
is completely amorphous [32], thus leading to a high ductility compared with
semi-crystalline state. It results in a high plastic deformation of the matrix as
demonstrated by Sacchetti et al. [40] for carbon/PPS unidirectional laminates,
thus increasing the interlaminar fracture toughness compared to crystallized
parts. Similar high values were reported for unidirectional carbon/PEEK lami-
nates by Sacchetti et al. [37] who demonstrated that matrix plastic deformation
indeed induces an increase of GIC values.

4.2. Healing identification

The raw data corresponding to regime II in the previous section were used to
characterize the welding time for the healing mechanism. Degree of healing was
calculated using the classical law in Eq. (2) where GIC,∞ is the one determined
in the previous section and is plotted versus the fourth root of the contact time
in Fig. 13. Since healing kinetics was identified on the second regime, the first
data points, corresponding to the first coupled regime, are discarded from the
linear fit, and the curves do not intersect the origin. The welding times are
directly identified from the slope of the linear fit in Fig. 13, which is equal
to 1/t4w,∞ according to Eq. (3). The welding times for the three isothermal
temperatures are given in Table. 3.

The laminates used in this study were consolidated for 2 hours in an au-
toclave at 380◦C. At these temperatures it has been shown that degradation
associated with chemical modification can occur [28, 29], thus increasing the
relaxation time. The identified welding time was consequently increased, ex-
plaining the large values – of a magnitude of one hundred seconds – that are
obtained.

The welding time was fitted to a temperature dependant Arrhenius relation-
ship:

tw,∞(T ) = A exp

(
Ea

RT

)
(8)

where Ea is the activation energy and A the pre-exponential factor. These
parameters could be determined for our composite using the Arrhenius plot
given in Fig. 14. The pre-exponential factor obtained was A = 3, 01.10−3 s
and the activation energy Ea = 55, 5 kJ.mol−1. The degree of healing could
now be computed by integrating the degree of healing rate (4) substituting the
identified healing kinetics Eq. (8) for any industrial temperature history.
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5. Conclusion

In this work, adhesion of high performance thermoplastic composites was
investigated. Besides the intimate contact phenomenon that may limit adhesion
when rough surfaces are welded or limited pressure is used, healing is the main
phenomenon controlling the bonding quality. The objective was to characterize
adhesion for conditions close to the industrial process, especially short residence
time.

A novel instrumented laboratory scale welding bench was developed to weld
composite substrates for controlled contact times and under controlled constant
pressure and isothermal conditions. The lower time limit of this bench is 1
second, due to inertia of the piston, and the upper pressure limit onto the
samples is about 10 bars. Instrumented samples were used to validate the
thermal homogeneity of the bench and the characteristic cooling rates it enabled
at both the mold and the sample interfaces. Our device was shown to enable the
quenching of our composite samples, thus proving the effectiveness of a stopped
healing process.

The mechanical quality of the bonded substrates was assessed with a double
cantilever beam test. Because composite samples systematically show unstable
crack propagation, only the value of the interlaminar fracture toughness at the
crack initiation was used in the analysis. Nevertheless, an original incremental
DCB procedure was developed and was shown to give the same results as the
initiation point method. By doing so, both procedures, which are therefore
equivalent, were validated and the incremental DCB fracture test was proved
to be of particular interest for the characterization of low adhesion energies,
associated with short residence time.

Welding tests over a wide range of contact time were performed on a high
performance thermoplastic composite. It was revealed that adhesion between
two composite substrates develops following three successive regimes. The first
regime is a coupled regime where intimate contact is not yet achieved. The
second regime is purely associated with inter-diffusion of the chains, i.e. healing,
where the healing degree evolves linearly with the fourth root of time. Finally,
a third adhesion regime was found in our case. For longer welding times, other
adhesion phenomena occurred such as fibre bridging and matrix segregation,
leading to the bond strength to exceed the cohesive strength of the matrix. They
are therefore not associated with pure healing. They imply motion of fibres that
leads to a mechanical fastening, but probably also to unwanted microstructural
changes. Healing kinetics were finally identified from a test campaign on three
isothermal temperatures. For our carbon PEKK plates, the identified welding
time to complete the healing process is of the order of one hundred seconds,
which can be attributed to thermal aging during autoclave pre-manufacturing
of the samples.

This novel experimental welding bench can be used to characterize adhesion
for residence time as short as a few seconds, under isothermal conditions. As
a perspective for future research, investigations will be carried out at a shorter
time scale to study the kinetics of intimate contact and then characterize and

12



model the whole adhesion process. To do this, further investigations will be
needed to account for the transient thermal regime induced by the quenching
and to separate the intimate contact from the healing contributions in this so-
called coupled regime.
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Figure 1: Many thermoplastic forming processes consist in short residence times at processing
temperature. To our knowledge, however, there are no existing characterization methods for
such short times.
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Figure 2: Cross-sectional micrographs of autoclave consolidated samples. The resin-rich layer
is shown in the zoomed picture.
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Figure 3: Dimensions of the composite coupons to be welded and tested with double cantilever
beam tests. The grey circle represents the countersunk hole to insert the loading pin.
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Figure 4: The experimental TACOMA setup, designed for welding under isothermal conditions
followed by a fast cooling. (top): general view and (bottom): schematic view.
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Figure 5: Experimental welding procedure. The heating (1) and temperature stabilization (2)
occur before the samples are put in contact. The welding time is tcontact (3) and quenching
occurs in phase (4).

Figure 6: Double Cantilever Beam (DCB) setup. The initial crack length a0 is known from
the non-adhesive foil insert.
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Figure 7: (Top) Temperature evolution according to time at different locations on the sample
interfaces during the welding sequence; (Bottom) Close-up of the cooling phase.
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Figure 8: Load-displacement curves from the fracture double cantilever beam test correspond-
ing to samples welded at 380◦C for different contact times. Crack propagation is unstable, as
observed by previous authors [33, 37].
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for 1 s contact time.
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Figure 10: Interlaminar fracture toughness GIC measured at different crack lengths from the
incremental DCB fracture test. Samples were welded at 380◦C for three different contact
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Figure 11: Interlaminar fracture toughness GIc plotted against contact time. Three regimes
are identified: (i) a coupled regime where intimate contact is not fully achieved, (ii) a healing
regime where the bonding energy increases with time and (iii) a terminal regime where other
effects, such as fibre bridging, occur. The dotted line represents the maximum Interlaminar
fracture toughness reached for the polymer healing stage.
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Figure 12: Cross-section optical micrographs (left) and SEM images of the fracture surfaces
(right) of welded samples at 380◦C under 3.2 bars with various residence time tc. The arrow
on the top left of the SEM images corresponds to the direction of crack propagation during the
fracture test. Top: regime I with partial intimate contact, middle: regime II with a cohesive
fracture of interfacial resin, and bottom: regime III with fibre bridging and pullout.
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Figure 14: The obtained welding time tw,∞ is plotted against the inverse of the isothermal
temperature 1/T . This Arrhenius plot immediately identifies a temperature dependant law
for welding time on temperature.
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Table 1: Design of experiments. Number of replicates is indicated for each set of test conditions
(isothermal temperature and contact time). Closing pressure is 3.2 bars for all tests.

tcontact [s] Temperature [◦C]
355 370 380

1 3 / 3
5 4 / 3
20 3 / 3
50 3 1 3
80 3 1 4
100 3 2 8
125 / / 4
150 / / 3
175 / / 3
200 3 1 4
250 3 / /
300 3 / /
350 1 / /
500 2 / 1
3600 / / 1
Total 76 experiments

Table 2: Positions of the thermocouples on the interface of the instrumented samples. Axes
are defined in Figure 3.

Thermocouple T1 T2 T3 T4
Longitudinal distance along x (mm) 92.5 92.5 92.5 92.5
Transverse distance along y (mm) 2 5 8 12.5

Table 3: Identified welding times for the three isothermal temperatures.

Temperature (◦C) 355 370 380
Welding time (s) 121 104 79
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