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Abstract

The evolution of polymer welding time to join the interface of thermoplastic
Polyetherketoneketone (PEKK) matrix composites was characterized. Using a
creep-recovery test protocol to analyse the evolution of rheological behavior, it
was shown that for temperatures above the melting point (T > 360°C'), the poly-
mer visco-elastic relaxation time increases exponentially with time-indicating
polymer crosslinking or branching. To confirm that relaxation time is propor-
tional to interface healing time, the rheological results were compared to the
fracture energy release rate (G1.) of samples prepared on a custom bench which
is capable of isothermally weld composite samples for controlled time intervals.
The welding time corresponds directly to the relaxation time. Furthermore,
the thermal history that the polymer experienced results in cross linking and
influences the welding time. The implication is that temperature exposure from
prior processing steps (IR oven pre-heating or autoclave consolidation) can limit
the ability to weld components in a predictable way.
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Joints/joining

1. Introduction

Composite aerospace structures are often composed of large monolithic com-
ponents because composites are uniquely vulnerable in the vicinity of fasteners
[1, 2]. Where possible, bonding without fasteners is a more desirable joining
approach. Thermoplastics matrix composites offer the ability to be joined by
welding, which has several advantages in terms of materials and manufacturing
processes. Due to the lack of chemical crosslinks, thermoplastic polymers can
be melted and remolded. In the melt state, thermoplastics molecular chains
can relax and slide out of their entanglements. During welding, the process of
melted thermoplastic molecular chains diffusing across the interface (to form
new entanglements) is known as healing. Aromatic thermoplastics, such as
those of the PAEK family, are good candidates for many high performance en-
gineering applications. In particular, carbon fiber reinforced PEKK could be
used in many aerospace structures because of its high stiffness and strength [3],
high glass transition temperature, and high chemical resistance in the crystalline
state [4, 5].

These same properties which make PAEK polymers high performance, also
contribute to it’s difficultly in rapid welding processes. The process of ther-
moplastic welding of composite parts was outlined well by Lee & Springer [6].
For their early generation of APC-2 PEEK polymer composites, they reported
times to reach full weld to be well over an hour. Such long processes times
are completely incompatible with rapid welding processes, such as resistance or
induction welding, or even the automated fiber placement process. However,
such processes are commonly used with PEEK and PEKK matrix composites
with mixed or good result. In this article, we outline a methodology to charac-
terize the weldability of thermoplastic PEKK composites and demonstrate that
polymer degradation (resulting from thermal history) will lengthen the time

required—thus limit the ability—to weld a polymer interface.



To weld two thermoplastic composite components, the interface must be
heated to a temperature near or above the ‘melting-point’ while the interfaces
are in contact [2]. The mechanism for heating varies [7]: hot gas, infrared,
friction, electrical resistance, induction—the goal is to localize the application
of heat to the joint interface, as to avoid melting and deconsolidating the bulk
part.

Since surfaces are never perfectly smooth, the problem of achieving intimate
contact involves the deformation of the interface under pressure [6, 8]. At
elevated temperature, the polymer is in a viscous state, so by applying pressure,
roughness at the interface will be filled by squeeze flow of the polymer. Without
sufficient pressure and temperature, achieving full intimate contact could be
a rate limiting step. Continuous welding processes such as tape placement,
ultrasonic or induction welding, apply high pressure locally to ensure a full
intimate contact is achieved quickly (within the process time scale) [9].

Once intimate contact is achieved, healing often appears as the rate limiting
phenomenon in the case of fast or continuous welding processes [9]. The healing
of a thermoplastic interface occurs as chain ends diffuse across the boundary
and entangle with the adjacent polymer [10, 11, 12]. The mechanical strength
of the interface, o, increases with time in contact, ¢, until the interface achieves
the strength of the fully healed composite interface 0. This ratio is defined as

the degree of healing, Dy,.
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Here, w, denotes that this is a welding process, and %, is the welding time
(t) required to complete the welding process, such that the interface strength
(ow) reaches the strength of the bulk polymer (o). Alternatively, D, can
be expressed in terms of the weld fracture energy release rate, Gy ., relative
to that of the bulk polymer, Gicoo- Eq. (1) has been verified many times
for different polymer of varying molecular weight [10, 11, 12]. In isothermal

conditions, the welding time, ¢, -, of a monodisperse linear polymer of given



molecular weight may be modelled by an Arrhenius law:

E,
tw,oo = ACXp <M) (2)

From Eq.(1) the welding time is classically considered to be identical to
the reptation time of the polymer, tg = ty, 00 [10, 13]. The reptation time
is intimately linked to the viscoelastic nature of the polymer: it depends on
the chemistry, molecular structure, molecular weight, and temperature. The
most reliable method to characterize tg is a stress-relaxation test. This can
be performed on a displacement controlled rheometer. With the polymer melt
situated between the plates (cone or parallel) and in an equilibrium relaxed
state, a known shear strain is abruptly applied. Locked into the fix shear state,
the shear stress in the polymer decays over time as the polymer relaxes. From
this test the relaxation time, Ag, is determined from the Maxwell model for a
viscoelastic fluid,

"o

AR = ay (3)
where 79 is the zero shear viscosity (of the newtonian plateau) and Gy’ is the
plateau shear modulus [14]. This type of test, as long as it stays within the linear
viscoelastic regime, can be very characteristic of the polymer reptation time. In
the initial sheared state, polymer chains must disentangle from their strained
configuration and gradually reach a state of no stress, as they complete a full
reptation process. As such, we can infer that the relaxation time is equivalent
to the polymer reptation time [13, 14].

Complex fluids like polymer melts are often not well characterized by a
single relaxation time. The visco-elastic response can be fitted with a series of
relaxation modes

G(t) =) Giexp(—t/\) (4)
where G; and \; are a discrete set of moduli and relaxation times which capture
the rheological response. If the set of discrete parameter pairs is small (4 or
fewer), a physical meaning can more easily be assigned to each. Conversely,
with an infinite set, a continuous relaxation spectrum can be used to trans-

form all linear visco-elastic functions between each other (relaxation modulus,



creep-compliance, complex modulus/compliance) [15]. This allows a variety of
rheological protocols to capture the same behavior on different time scales. From
the discrete spectrum, the longest relaxation time is said to be equivalent to the
interface healing time [16].

In order to directly assess the degree of healing in a welded joint, samples
must be welded under controlled conditions (pressure, temperature, and time)
and then tested mechanically to observe the interface strength. Lee and Springer
[6] proposed to test samples bonded under a press under mode I tensile loading.
Their study was focused on autoclave processing of laminates, rather than rapid
welding processes. Lamethe et al. [17] proposed a methodology to measure the
fracture energy of samples welded under controlled nonisothermal conditions. In
a previous work, Avenet et al. [18], developed an apparatus (TACOMA bench)
for welding full double cantilever beam specimens isothermally with residence
times as short as 5 seconds by employing rapid cooling. The methodology was
very effective at determining the welding time in Eq. (2) through a series of
tests (varying temperature and time) fit to Eq. 1.

Historically, welding times for commercially available aerospace grad PEEK
and PEKK polymers have been shown be on the order of 103s [6, 19, 20] ;
however, some currently available PAEK polymers are better tuned for welding
processes with residence times of the order of a few seconds. Choupin et al.
[21] demonstrated that polymer degradation is a major challenge when process-
ing PEKK (or PEEK) composites: above the melt temperature (340°C) the
polymer backbone can break and initiate crosslinking; thus, limiting the ability
to crystallize and increasing the polymer viscosity. An exponential increase in
viscosity over time and temperature (in an Nitrogen atmosphere) showed that
crosslinkining was a temperature driven kinetic process [22]. They confirmed
an increase in molecular weight with Gel Permeation Chromatography (GPC).

After presenting the PEKK 7002 material used in this study, section 3
presents the procedure to identify the longest relaxation time of the polymer.
In section 4 the mechanical welding time is characterized with the existing

TACOMA welding bench and a double cantilever beam test. Finally, the corre-



lation between these two approaches is discussed in the last section. Thermal

history is also shown to impact the weldability.

2. Materials

In this study, we characterize PEKK 7002 produced by Arkema. The 7000
series designates that the polymer has a ratio of 70:30 of T:I (Terephthaloyl
to Isophthaloyl) and the final digit specifies the melt volume flow index. The
PEKK 7002 has a rather low index and thus a high viscosity and high mechanical

properties. On the contrary, its processability is limited.

2.1. Rheological samples

For rheological characterization, flat discs of diameter 25 mm and thickness
2 mm were manufactured from neat PEKK pellets. Pellets were placed inside of
a mold at 350 °C for 5 minutes (until appearing amorphous) and then compres-
sion molded at 20 bars. Subsequently, while under pressure, the mold was cooled
with water; however, the samples were able to crystallize. The crystallinity was
not important at this stage because once in the rheometer, the samples were
certain to melt. The importance of this process is that the cycle time was short,
so that degradation would be minimized, and samples had no air bubbles when

placed in the rheometer.

2.2. Adhesion samples

Carbon fiber composite plates were manufactured with a [0,90]5, manual
layup using 194 8/m? carbon-PEKK prepreg from Toho Tenax. On one of the
surface, a 50 pm thick film of neat PEKK 7002 polymer was applied to ease the
welding process. The plates were then consolidated in an autoclave according to
the cycle shown in Fig. 1 where the sample was kept above 350°C for 90 minutes.
Note that a typical autoclave cycle for thermoplastic composite consolidation
include a 30 minute dwell at the peak temperature; however, in this study the
cycle was adapted from a standard thermoset procedure and has a longer dwell

than the one recommended by the manufacturer.



The 3.2 mm thick composites plates were cut using a Protomax waterjet
cutting machine to the sample specification of 25 mm by 125 mm (cf Figure 7)
where the surface ply orientation is along the length direction. A countersunk
hole was then machined on the matrix-rich surface, 10 mm from one end, to
insert a homemade loading pin used for gripping the sample during the me-
chanical test [18]. After a manual cleaning of the surfaces with acetone, the
samples were placed into a vacuum chamber at 180°C for 20 hours to remove
the residual water contained into the samples and limit deconsolidation during
the heating phase of the welding process.

The subsequent controlled welding process is described later, in section 4.1.

2.8. Thermal history effect

Concurrently, in order to quantify the effect of thermal degradation on the
welding ability of the composite samples, aging tests were conducted on the
already autoclave-consolidated composite plates. To do that, an autoclave com-
posite plate was vacuum-bagged in an oven and heated up to 380°C with an
isothermal step of 2 hours. Vacuum bagging was chosen to prevent deconsolida-
tion during the thermal cycle and temperature was recorded with a thermocou-
ple placed on the top of the plate during the whole aging process (Fig. 1). The
aged composite plates were then cut and dried according to the experimental

protocol previously described, before welding stage.

3. Rheological time identification

To characterize the rheological behavior of PEKK in the molten state, a
Thermofischer HAAKE MARS III rheometer was used. The temperature con-
trolled chamber (CTC) configuration was used to maintain the sample isother-
mally at elevated temperature (350°C < T < 420°C) throughout testing. A
nitrogen purge was also maintained throughout testing to negate the potential
for oxidation. Tests were conducted with 35 mm aluminum parallel plates with

a gap of 1 mm.
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Figure 1: Pre-processing cycles used to produce composite laminates. The reference plate is
manufactured with a five hour autoclave cycle which includes a 90 min dwell at 330°C followed

by a 80 min dwell at 380°C. Samples selected to undergo further thermal degradation were

post-processed in and oven vacuum-bag for 2hrs at 380°C.



To prepare the test, the rheometer was calibrated at room temperature.
Without the sample present, the rheometer was preheated to the test temper-
ature. Once the chamber temperature had stabilized, the 25 mm samples was
placed on the 35 mm plate and the chamber was closed. The gap was adjusted

to 1 mm, where the polymer would wet to the edges of the plates.

3.1. Oscillatory tests

It is known that PEKK polymers are not stable above their melting tem-
perature. This is characterized by the increase of viscosity over time [21] that
could be due to crosslinking of the polymer macromolecules.

The effect of temperature on the rheological properties of the polymer was
assessed by means of oscillatory rheological tests at constant temperature at a
frequency of 1 rad/s with 1% strain. The test was repeated for 4 temperatures:
360, 380, 400 and 420°C. The temperatures were chosen to be higher than
the melting temperature of the materials and are characteristic of most of the
industrial processes. Autoclave manufacturing for example is characterized by
long residence times at high temperature which could induce macromolecular
changes.

Figure 2 shows an important increase in the storage modulus at high tem-
perature which could be attributed to a decrease in chain mobility and confirms
crosslinking of the materials. This crosslinking seems also to be faster at higher
temperatures validating that this is a thermo-dependent phenomenon as already
demonstrated for PEKK [21] and PEEK [23]. As both the storage and loss mod-
uli increase with dwell time, the intersection between G’ and G” takes place at

lower frequencies and the relaxation times are consequently higher.

3.2. Creep recovery tests

Oscillatory shear sweep tests were performed in the high frequency (pulsa-
tions 0.1 rad/s < w < 100 rad/s) domain to get the evolution of G’ and G” and

obtain the longest relaxation time of the polymer.



10000

T I
o
(o 10004
n ]
2 4
5 ]
ko] J
o)
2 <
S
8 100E
8 ]
b5} ] —m— 360°C
1 —e— 380°C
_ 400°C
420°C
10 —7r ~ T r T r T T T 1T T 7
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Dwell time (hours)
10000 -
©
S
% ’_Y":_-__.———I——'_’.——_—.—_——.'_—
S 1000—_‘7014;
o 4
(@] 4
> ]
[]
(2]
o
-
—m—360°C
—e—380°C
400°C
420°C
100 T T T T T T T T T

— .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Dwell time (hours)

Figure 2: Evolution of the storage modulus and loss modulus with dwell time under a frequency

of 1 rad/s with 1% strain at constant temperatures.
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With the primary goal of the rheological characterization being the calcu-
lation of the lowest relaxation time, we aimed to observe the storage and loss
moduli G’ & G” over a wide range of frequencies. Namely, it was important to
measure the low frequencies, at the newtownian plateau. In the domain of high
frequency (pulsations 0.1 < w < 100), G’ & G can be quickly measured (within
a couple minutes) with an oscillatory shear sweep. The problem to contend with
is that the low frequencies take a long time to acquire, and during that time,
the polymer is crosslinking. To obtain this data in a more timely fashion, a
creep-recovery method was used to characterize the visco-elastic response at
low frequencies (i.e. low shear rate and/or long relaxation times).

The experimental procedure starts with a frequency sweep, with 1% strain.
Beginning at 100rad/s, the frequency is stepped down logarthimically by 5
frequencies per decade and ending at 0.1rad/s. The end point 0.1rad/s was
chosen for consideration of the acquisition time: each additional frequency takes
exponentially longer to complete. In total, the frequency sweep takes a total of
12 min to complete. At the end of the frequency sweep, the material is allowed
to recover for 3min to ensure there is little residual stress from the previous
oscillatory test. Once the samples nearly stops deforming (4 <0.001 s~!), the
creep-recovery test is initiated. In the creep-recovery test, the applied stress
must be set such that the observed shear rate is low enough to ensure the
material is within the linear elastic regime, but not too low for the acquisition
of the rheometer. Initial tests showed that an applied stress of 5Pa to 30Pa
is adequate, depending on the state of crosslinking. Additionally, the duration
of the applied stress, ¢ = ¢, must be sufficiently long to ensure the material
is deformed past its elastic limit, to the point where the deformation is only
viscous (¢t > ¢1). This time corresponds roughly to the relaxation time of the
material. Initially the deformation time can be short (300s), but as the material
crosslinks, longer deformation time is necessary, (1800s). After the creep test,
the material is allowed at least twice as long (at zero stress) to recover from
residual stress caused by the previous oscillatory test. At the end of the creep-

recovery test, the sequence is repeated, beginning again with the frequency
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Figure 3: Creep compliance versus time obtained with the creep recovery test for 100 Pa at

380°C. The close-up shows that the viscous regime is reached quickly in this case.

sweep.

The creep compliance

J(t) = ? — )+ = (5)

is the sum of the elastic deformation (recoverable) and the viscous deformation
(non-recoverable). In Figure 3 an annotated creep-recovery curve shows how
material constants (o and JO) are measured. After some time (¢ = t;), the
shear rate becomes constant and the elastic deformation reaches a plateau which
defines the compliance limit, J?. The compliance limit, J?, was taken from the
recovery period since a long recovery period was required in the test protocol
to ensure the polymer was in a quiescent state before the next iteration.

A Fourier transform is able to convert the creep compliance from the time
domain to a frequency domain and to obtain the storage compliance J’ [15] and
the loss compliance J”

J(w)=J"—w /0 h [JQ — J(t) + nto] sin (wt) dt (6)

12



J'(w) = wLno + w/ooo [JQ — J(t) + ;0] cos (wt) dt (7)

Practically, the integration was performed over the duration of the creep period
of the test (0 < t < t3). The storage and loss compliance can be simply

converted to their respective moduli by the relations:

J’
= J/2 +J”2 (8)
and
J
G// = ‘J,Q T J"2 (9)

Figure 4 shows the evolution of the storage and loss moduli over frequency.
The lines correspond to the data acquired with the classical oscillatory rheology
whereas the dotted lines are constructed from the Fourier transform of the creep
recovery tests in order to achieve lower frequencies. The Figure shows that with
time increasing, the G’ and G”' curves are shifting to the higher values indicating
a network change attributed to crosslinking.

In the limit of very low frequencies G’ = Jon2w? and G” = wny. Therefore, a
good approximation for the longest relaxation time would be at the intersection

G’ = G”. Using the Cox-Merz rule that w &~ 4 &~ 1/\, we can see that
Ar = Jno (10)

Thus, the longest relaxation times were finally determined from the creep
recovery tests and were calculated as the product of the elastic compliance limit
and the newtonian plateau viscosity (Eq.10). The procedure was repeated over
time at constant temperature to observe the changes in relaxation times induced

by thermal history.

4. Mechanical time identification

In order to correlate the rheological times characterized in the previous sec-
tion with characteristic mechanical time related to the healing phenomenon, a

welding campaign is conducted.

13
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Figure 4: Storage and loss moduli versus frequency for PEKK 7002 in Ny gas at 350°C.
The high frequency range (short time response) is captured with an oscillatory frequency
sweep, whereas the low frequency range (long time response) is measured by a creep-Recovery
method and converted to frequency space with a Fourier transform. Iterating the protocol
sequence shows how the visco-elastic response changes as the polymer degrades over time.

Each repetition shows a longer relaxation time.
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Figure 5: Principle of the experimental TACOMA setup, designed for welding under isother-

mal conditions. Welding process is stopped thanks to a fast water cooling.

4.1. Welding procedure

Welding experiments were carried out on an experimental welding bench
(TACOMA), presented in a previous article [18] and shown in Fig. 5, under
constant isothermal conditions.

This experimental welding bench was designed to enable quenching of the
composite sample and thus to perform stopped welding experiments. Thermo-
couples were embedded 1 mm from the sample surface in the copper mold to
control and monitor the temperature and the heating was performed thanks to
heating cartridges. Thermal homogeneity is ensured since all the samples are
heated and pressed together in a confined mold. Furthermore, two channels
were machined in each platen near the sample surface for water cooling of the
setup. The pressure was applied by means of a pneumatic piston attached in
series to the moving platen and the contact force was recorded by a 10 kN load
cell.

Prior to welding experiments, the coupons were covered with polyimide tape

15
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to facilitate removal after the welding sequence. First, the two composite sam-
ples were placed in the setup, resting on their sides and the matrix-rich surfaces
were facing each other but they were not in contact. A 50 mm long non-adhesive
aluminum foil was also placed between the coupons as shown in Fig. 7. This
allowed the creation of an initiation crack for fracture test. As shown in Fig. 6,
the device is heated from room temperature up to a temperature higher than
the melting temperature of the polymer matrix (1) until homogenization of the
temperature inside the mold and at the interface of the coupons (2). Once the
setpoint temperature is reached and homogeneous inside the mold, contact is
initiated between the coupons with the use of the pneumatic piston to weld the
samples during a defined contact time ¢, (3). Welding process is rapidly stopped
thanks to the fast cooling of the setup with water circulation (4) and finally the

pressure is released (5).

4.2. Double cantilever beam fracture test

Mechanical quality of the welded interfaces was assessed by mode I dou-
ble cantilever beam fracture test according to ASTM standard. Samples were
mounted on a 100 kN Zwick Roell tensile machine thanks to the loading pins
and homemade gripping system. Tests were conducted in quasi-static condition
at a fixed displacement rate of 1 mm.min~!. During the test, the displacement
and force were continuously recorded. The welded samples were not cut after
welding so that the dimensions of the Double Cantilever Beam samples are also
25mm by 125 mm.

The load-displacement curves from the double cantilever beam tests were
characterized by a strong unstable crack propagation [18] probably caused by
a non-uniformity of the matrix-rich layer at the interface [24]. Interlaminar

fracture energy release rate

3POF
= 11
G 2bag (11)

was then calculated at the initiation of the crack, corresponding to the first drop

of load. In the above, P is the peak load, § the displacement, b the width of

the sample, a the initial crack length which is the length of the non-adhesive

17
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Figure 7: Double Cantilever Beam (DCB) fracture test set-up. ag is the initiation crack

length.

inserted aluminum foil and F' is a correction factor accounting for large dis-
placement effects, i.e. shortening of the moment arm and tilting of the loading
pins. It has previously been demonstrated that this value is representative of

the overall adhesion of the assembly [18].

4.3. Analysis

The welding time was determined experimentally for three isothermal tem-
peratures (355, 370 and 380°C) by means of welding tests performed using the
TACOMA setup for different residence times. Adhesion energy was determined
from load-displacement in DCB fracture tests with Eq. 11. Degree of healing
at the crack initiation was evaluated via Eq. 1, where Gi. is evaluated for
each sample of corresponding welding time. Glc, 0o was determined to be 2.3
kJ.m™2 from a stable maximum plateau where additional welding time results

in no improvement in interface strength—corresponding to the fracture energy of

18
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Figure 8: Degree of healing at the crack initiation versus the fourth root of contact time for
three isothermal temperatures. Welding time can directly be obtained from the slope of the

linear fit [18].

Temperature T'(°C) 355 370 380
Mechanical welding time ¢, oo(s) 121 104 79

Table 1: Mechanical welding times characterized at different isothermal temperatures

the fully healed interface. This high value compared to other high performance

composites but it has been related to the amorphous state of the interface [18].

Degree of healing was then plotted against the fourth root of contact time
for the three isothermal temperatures (see Figure 8). In this case, the first data
points were shown to be not associated to pure healing mechanism but also to the
establishment of intimate contact. Therefore, these points were discarded and
the welding times were directly taken from the slope of the linear fit. They are
given in Table 1. Finally they were plotted against the inverse of temperature

to identify the corresponding Arrhenius relationship given in Eq. (2), where
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the parameters E, = 55,5 kJ.mol™!' and A = 3,01.1073 s are respectively the

activation energy and the identified pre-exponential factor.

5. Discussion

5.1. Rheological test as a mean to quantify adhesion

From the rheological characterization it was possible to predict the welding
time of the composite based on its thermal history. The relaxation times are
plotted for each isothermal temperatures against dwell time in Fig. 9. It shows
that for a fresh polymer matrix, i.e. for ¢ = 0, the relaxation time is of about 1
second. This corresponds to the data obtained in the literature [17, 16]. As pre-
processing time increases, the relaxation time increases consequently and can
even reach values of a few thousand seconds as it was announced in [6, 19, 20].

Adhesion measurements on the composite at different temperatures allowed

the identification of the healing kinetics and the associated welding time. It
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should be recalled that the composite plate has originally been processed at
380°C for one hour (90 minutes above 350°C) in autoclave before welding ex-
periments. Although this is not the cycle recommended by the manufacturer,
the adhesion data is characteristic of these aging conditions. Concurrently, the
rheological protocol aimed at replicating the pre-processing of the composite
and characterizing the corresponding relaxation time.

Figure 9 presents, the evolution of relaxation time at 385°C. This corre-
sponds to the data acquired after in-situ crosslinking of the polymer matrix
in the rheometer at this temperature of 385°C and over a wide range of dwell
times. If one considers the processing conditions previously recalled for the
PEKK-Carbon composite plate of this study, it is possible to estimate the anal-
ogous relaxation time and the welding time.

Thus, for a dwell temperature of 380°C and dwell time of 3600 seconds the
value of the welding time for this composite plate is of a hundred of seconds.

In parallel, the adhesion measurements from the welding experiments showed
that the time for a full healing of the interface is also of a hundred seconds
depending on the welding temperature (see Table 1). This comparison between
rheological and adhesion characterization finally showed a good correlation for a
given process condition which is the autoclave pre-processing dwell in this case
and proved that rheological characterization of the polymer matrix can thereby
be a mean to quantify adhesion time in the case of composite material.

Such procedure is much more rapid since it only takes about one day to
gather the data from rheological measurements using a commercial rheometer.
On the contrary, adhesion measurements are characterization campaigns that
may last several weeks to perform. Moreover, the welding tests and the associ-
ated mechanical characterization require specific apparatus. Finally, adhesion
measurements require a significant number of samples, obtained from preconsol-
idated laminates for the identification of the healing kinetics; when rheological
characterization only necessitates polymer pellets which is thus much less ex-

pensive.
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5.2. Effect of Thermal History

To confirm the effect of thermal history, welding tests at 380°C were per-
formed on the composite plates aged for 2 hours at 380°C as described in section
2.3 using the TACOMA set-up according to the experimental protocol described
in section 4.1. The force-displacement curves from the corresponding DCB tests
are shown in Fig.10 and compared with the force-displacement curves from the
reference autoclaved composite plate. First, the initial slopes are the same for
the two plates indicating that the elastic performances at room temperature of
the composite coupons after thermal aging did not change. Then, micrograph
analysis of the aged plate also showed no apparent defects. These validate that
no deconsolidation occurred during the aging process. Thereby, the observed
changes are solely related to the quality of the welded joint.

For the aged composite plates, only a few adhesion tests were successful and
led to few data points. Indeed, such thermal aging was shown to be the lower
limit for adhesion development and for most of the samples no adhesion could
be obtained even for very long contact time. This is most probably related to a
high degree of thermal degradation and thus higher crosslinking of the material.

Considering that the original composite plates were consolidated in autoclave
for about 90 minutes at high temperature, the total dwell time of the aged plates
is then of about 3.5 hours. From the experimental evolution of the relaxation
time of the matrix previously presented, at such dwell times, the relaxation time
and therefore the welding time is expected to be extremely long, of about one
hour.

The corresponding initiation values of the interlaminar fracture energy are
then plotted in Figure 10 against the square root of contact time for both the
original and the aged composite plates. For the same welding temperature and
contact time, the interlaminar fracture energy value for the aged composite is an
order of magnitude lower than the reference composite plate. The thermal aging
has affected the weldability of the material by hindering the chain diffusion at
the interface. It is believed that the macromolecular network has branched and

that it takes longer for the chains to move and cross the interface.

22



200

. Reference plate - 100 seconds
180 —e— Aged plate - 150 seconds
160—- —x— Aged plate - 250 seconds
i —e— Aged plate - 500 seconds
140
Z 120
Py _
© 100
(@] 4
L 80-
60
40
20
0 — 71 r 1 r T r 1 ' T T 1T T T 7
0 5 10 15 20 25 30 35 40
Displacement (mm)
1.2
1.0 - "
. j
o .
o 0.8 *
£ [] *
= j
o}
< 06- +
o
o j
o} ®
éog 0.4 ]
1 % m  Reference plate - Autoclave
02 ® Aged plate - 150 seconds
* Aged plate - 250 seconds
] ¢ Aged plate - 500 seconds
0.0 — 1 T T T T 1 T T 1

— T T
00 05 10 15 20 25 30 35 40 45 50

1/4 (114
contact ( )

Figure 10: Comparison between the reference autoclaved plate and the aged plate at 380°C for
2 hours. Coupons were welded at 380°C with different contact times. (a) Force-displacement
curves and (b) degree of healing. Even at processing temperature, the additionally dwell

drastically reduces the welding potential of the carbon PEKK system
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As a result, the pre-processing will affect the welding process. For example,
in the case of our composite material, the plates were consolidated in autoclave
at 380°C for at least 1 hour. Both rheological and mechanical approaches give
an estimate of a hundred seconds for the welding time, but more severe thermal
history hinder adhesion development. Continuous welding processes such as
automated fibre placement which make use of fresher composite substrates like
prepreg tapes are expected to gain full mechanical adhesion for much shorter
processing time. But the thermal history experienced by high performance
thermoplastic composite coupons could then be a major limiting step in the

development of adhesion.

6. Conclusions

In this work, the welding kinetics of a high performance thermoplastic com-
posite was characterized. The study is twofold. First a rheological procedure
gave the longest relaxation time of the polymer. A creep recovery method en-
abled to overcome the polymer degradation issue. Then a mechanical study of
coupons welded using the existing TACOMA bench gave the mechanical healing
times. Mechanical tests were also performed with an over-aged composite plate.

The main contributions of the work are the correlations between the matrix
rheological times and the composite mechanical bonding times. Additionally,
PEKK 7002 was shown to evolve with time at high temperature. This is at-
tributed to crosslinking and impacts the relaxation time. This effect is con-
sistently observed on the healing time identified with mechanical tests. Thus,
polymer degradation during the pre-processing step, such as autoclave cycle for
instance, influences the subsequent weldability of the structures. As with every
polymer processing scheme, the thermal history should be managed in order
to minimize polymer degradation. The specimens used in this study reported
welding times on the order of 100 seconds but the autoclave cycle included a 90
minute dwell period, which is longer than recommend. It is shown here that a

shorter autoclave cycle will produce more weldable samples.
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