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Abstract

Automatic lay-up and in-situ consolidation with thermoplastic composite materials is a
technology under research for its expected use in the profitable manufacturing of structural
aeronautical parts. This study is devoted to analysing the possible effects of thermal degradation
produced by this manufacturing technique.

Rheological measurements showed that there is negligible degradation in PEEK for the
temperatures reached during the process. Thermogravimetric analysis under linear heating and
constant rate conditions show that thermal degradation is a complex process with a number of
overlapping steps. A general kinetic equation that describes the degradation of the material with
temperature has been proposed and validated. Attenuated total reflectance Fourier transform
infrared spectroscopy and X-ray photoelectron spectroscopy confirmed that there is no
remarkable degradation. The use of a combination of in-situ and ex-situ experimental techniques,
including kinetic modelling, not only provides reliable information about degradation but also
allows setting optimal processing conditions.

Keywords: Polymer-matrix composites (PMCs); Automated fibre placement (AFP); Process
Modeling
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1. Introduction

With the goal of industrial application of thermoplastic composite materials in aeronautics,
similar techniques to those used with thermosets (automatic tape placement, fibre placement)
should be fine-tuned taking into account their demonstrated success in aircraft [1]. Current
automatic lamination with thermoplastic composite materials attempts to reach full consolidation
in only one-step, avoiding the secondary use of an autoclave. However, the lack of tackiness in
the material forces the use of heat sources that apply a punctual or surficial heating that lasts only
several seconds.

The operating principle of these machines is the sequential heating of individual layers before
being placed in contact with the pre-positioned layer for the production of laminates of different
shapes and ply orientations. Different heating sources have been used, with diode laser being a
preferred solution [2]. After heating to the melting temperature of the polymer, the layers are
compacted by a deformable roller.

Establishing the proper limits for the parameters interacting in the control loop of automatic lay-
up and in-situ consolidation is a complicated task, owing to their coupling. Mathematical models
defining the responses of the material to these specific effects are needed. These models depend
on the way the specific effects are described, and the property used for their calculation. Diverse
effects should be estimated in advance, creating models that contemplate thresholds whilst
reaching the required power and speed, for acceptable levels of degradation, crystallization,
bonding, and so on [3]. Finally, the control system should implement all of them, giving proper
impact ranges and estimating the degree of deviation from the ideal result.

Owing to the elevated requirements imposed by aeronautics, high-performance thermoplastics
such as those in the poly-aryl-ether-ketone (PAEK) family are the focus of most of the lamination
endeavours to set up this manufacturing technology [4-9], with the exception of some works
devoted to the application of PPS (poly- phenylene-sulphide) [5,10,11], PEI ( polyetherimide)
[12], and current works with PA (polyamide) [13,14]. Poly-ether-ether-ketone (PEEK) is a linear,
aromatic, semi-crystalline thermoplastic polymer with excellent thermal stability, chemical
resistance, and mechanical properties. Its glass transition temperature appears at around 416 K
and its melting point is 616 K. Moreover, above 723 K, 4-phenoxyphenol and 1,4-
diphenoxybenzene are detected, showing chain scission thermal degradation [15]. Other authors
suggest that the degradation produces cross-linking in the matrix structure, especially under an
oxidative atmosphere, which affects the viscosity and the ability to crystallize [16,17]. The
atmosphere has an important effect on the degradation, with differences in the time required for
degradation at the same temperature as high as 16% in either inert or oxidative atmospheres [18].

For the automatic lamination processes of carbon fibre/PEEK composites (CF/PEEK),
temperatures in the range from 623 K to 673 K, or even higher, should be applied to achieve
melting and bonding among layers. Thus, the processing temperature is very close to the onset of
degradation [18]. Moreover, considering that the temperature control is manual, instances of
overheating could discretely appear, thereby changing the material elementary structure.

Considering the normal trends in automatic lamination with carbon fibre-reinforced
thermoplastics, the relevant speeds of lamination differ from consulted groups of study. As a
parameter still under analysis, it is possible to find values as low as 10 mm/s [19] and as high as
400 mm/s [20], which imply times of maximum temperature stabilization in the range of seconds,
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depending on the heating spot. Additionally, there is an important effect of polymer molecular
weight, which affects the capacity of chains to move and, therefore, the maintenance time needed
to reach full healing. Thus, for the sake of establishing comparisons, all these parameters should
be carefully considered. Owing to the fact that thermal degradation is not only affected by
temperature but, also by the dwell time at this temperature, both parameters should be considered
in any degradation model. For a proper kinetic model, a specific monitoring parameter (mass loss,
linkage % content, molecular weight, or viscosity) should be considered.

Degradation kinetics permit one to obtain a mathematical formula that relates the extension of
conversion (degradation by means of different parameters) to time—temperature profiles. Kinetic
thermal analysis is a powerful tool, which is widely employed to estimate in advance the
behaviour of a material subjected to a specific thermal process condition. It is a valuable tool in
many scientific branches and has already been used with PEEK [15,21,22].

In particular, for the PAEK family, several studies have tried to obtain information about the
degradation mechanisms. Most of them focused on the detection and explanation of the
degradation mechanism from a physical-chemical point of view [16,23-26] and a low number of
works elucidate the kinetic model. Some of them, related to kinetics, are focused on pyrolytic
tests [27], oxidative atmosphere tests [28], or both. In the particular case of oxidative degradation,
the authors consider that there are only two mechanisms interacting from the beginning (0% mass
loss) to the end (100% mass loss). Nevertheless, the great dispersion observed in activation
energies, even for the first 30% of mass loss, suggests the presence of more than one mechanism
in this small range.

Furthermore, there are many works reporting that, before the appearance of any kind of
measurable degradation by mass loss, PEEK already experiences modifications that affect its
structure. This effect is related to the unstable behaviour of ether and carbonyl groups, which is
mainly detectable by rheological testing and by appreciable changes in the crystallization
behaviour [17,29]. Other authors consider that mass loss fails when one tries to associate its
appearance with detrimental mechanical properties [30].

This study aims to analyse several effects in PEEK degradation and CF/PEEK composites. It
includes different experimental measurements for the determination of possible degradation
effects after diode-laser-irradiation processing of the composite material. Moreover, a simplified
kinetic equation is proposed that predicts the behaviour of neat resin under any heating profile by
considering two monitoring parameters independently: mass loss and viscosity changes.

2. Theoretical background of thermal degradation Kinetics

Equation 1 is commonly used for studying the kinetics of solid-state reactions [31]:

0 = pewp () (@ M

where A is the pre-exponential Arrhenius factor, £, the activation energy, a the reacted fraction
or conversion, do/dt the reaction rate, and f{a) the kinetic model.

This equation can be rewritten considering the evolution of conversion with temperature instead
of'its time dependency, by means of the reaction rate, 3.
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da A -E,
ar — " (ﬁ) f(a) (2)

From Equation 2, it follows that it is necessary to obtain the values of the kinetic triplet (4, E,,
f(a)) in order to complete the information that properly describes the kinetics of a reaction.

The use of the so-called ‘isoconversional’ methods facilitates this task, because the reaction rate
at a constant extent of conversion is considered to be only a function of temperature. Thus, the
activation energy values can be extracted without any consideration of the reaction model. One
of the most used differential isocoversional methods is that of Friedman [31], which for
nonisothermal heating programs, has the form (3):

da

Fe
m 16 (7). 1= MG @A = g G)

The index ‘i’ represents each of the set of dynamic heating programs used for the analysis. The
left-hand side of the equation is plotted against %; the plot consists of straight lines linked to

each conversion value and with a number of points that depends on the number of heating
programs used. The slope of the lines gives the value of the activation energy E,,.

Polymer thermal degradation is usually described by complex mechanisms depending on the
number of reactions implied [32]. The presence of multiple reactions complicates the application
of isoconversional methods in order to obtain the activation energy, whose evolution is highly
dependent on conversion. For this reason, it is not realistic to determine the corresponding
activation energy values for each stage using the isoconversional methodology. It is important to
clarify that the interaction of simple individual mechanisms is not certified by the fact that a
constant activation energy with respect to conversion was obtained, because in any case, a deeper
analysis is needed [33].

Attempting to overcome the difficulties when more than one stage is involved in the overall
process, several solutions have been suggested. One of these solutions considers the

: . . da, . .
deconvolution of the experimental curves of the reaction rate (d—L:) into different subcurves that

represent each stage individually [34,35]. This methodology is applied in the present work in an
attempt to obtain the equation that describes the thermal degradation of PEEK.

Thus, after deconvoluting the experimental curves for each heating rate, they are analysed
independently for each degradation stage [36]. The calculus of the kinetic triplet is based on the
combined kinetic analysis method [37]. For the combined kinetic analysis methodology, the
general kinetic equation is converted into the linear form shown in Equation 4:

da 1

In [dt%

E

= In(cA) — - 4)
However, the plot of the left-hand side of this equation versus the inverse of the temperature yields
a straight line only if the correct kinetic function, f(a) is considered. Moreover, the proposed
kinetic functions are idealized physical models that may not be useful for all the solid-state
reactions, in which factors such as the particle size, the particle shape, etc. have an important
influence on the reaction mechanism. It has been demonstrated that this limitations can be
overcome if the modified Sestak-Berggren equation is considered as f(a):
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fl@)=a™(1-a)n" )

Thus, it has been shown that this expression fits all f{a) corresponding to the ideal kinetic models
proposed in the literature and even their deviations from the ideal conditions [38]-, by adjusting
the parameters c, n and m. Equivalent reduced Sestak-Berggren equations for each ideal kinetic
model have been proposed [38]. Substituting equation (5) into equation (4) the general kinetic
expression for the combined kinetic analysis method is obtained:

In [d—a;] = In(c4) — :—T (6)

dt am(1-a)n

The kinetic triplet is obtained by plotting the left-hand side of Equation 6 against reciprocal
temperature, independently for all the experimental data corresponding to each degradation stage.
From the values of n and m that give the best linearity fit, the kinetic model followed by each
decomposition stage is obtained. The linearity is evaluated by the coefficient of linear correlation.
Afterwards, the values of the activation energy and pre-exponential factor are obtained from the
slope and the intercept of the straight line. Normal ranges of o considered for optimisation are
0.1-0.9 or 0.05-0.95 in order to avoid experimental errors that are more relevant for low and high
values of o [37,39].

3. Experimental

3.1 Materials

To study the thermal degradation process experienced by the carbon fibre/thermoplastic material
used in automatic lamination and in-situ consolidation manufacturing processes, tests have been
conducted on a neat PEEK resin (without treatment) and the CF/PEEK composite material. Thus,
two different materials have been used in this study, neat polymer PEEK 450G Victrex in pellet
form and APC2/AS4 Solvay pre-impregnated PEEK/long carbon fibre material, with fibre content
close to 60% in volume.

Both materials were tested as received by the supplier (without any treatment) and after being
processed by a specific manufacturing technique. The studied samples were classified as shown
in Table 1 for the sake of clarity. The neat PEEK resin was studied as received (sample C1) and
after reaching 2% degradation (sample C2). In the latter case, the sample was heated in the
thermogravimetric analysis (TGA) apparatus up to the point when the degradation, measured as
the mass loss, reached 2%; it was then quenched to room temperature (~298K). For the pre-
impregnated material, it was studied as received (sample C3) and after laser irradiation treatment
(samples C4 and C5). Diode-laser-irradiated samples were prepared using a gantry style machine
developed by MTorres (Pamplona, Spain) using a 500 N compaction force and a speed of 1 mm
min~'. An operator, based on noncontact indications given by thermographic camera, controlled
the applied power supplied by a 500 W laser with a wave length of 980 nm. Sample C4 was
irradiated with low energy (normal operation conditions) that induces a sample temperature in the
range of 623—673 K, whereas sample C5 was irradiated with higher energy (over-irradiation
conditions) inducing a higher sample temperature, in the range of 673—723 K.
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Table 1 Materials codification

MATERIAL CODE

PEEK 450G AS RECEIVED C1

PEEK 450G AFTER REACHING 2% OF DEGRADATION BY TGA | C2*

Heating rate 10 °C min™'

APC2/AS4 AS RECEIVED C3

APC2/AS4 INDIVIDUAL LAYER AFTER LASER IRRADIATION. | C4*

Temperature: 623673 K, Force: 500 N, Speed: 1 m min™'

APC2/AS4 INDIVIDUAL LAYER AFTER LASER IRRADIATION | C5*

Temperature: 673—723 K, Force: 500 N, Speed: 1 m min ™’

*Cycled before testing

3.2 Characterisation techniques

- FTIR

Several samples were analysed by attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) using a Nicolet iN10/Nicolet iZ10 instrument from Thermo Scientific.
The results have been normalised by using the band at 1592 cm ™" as a reference.

The experiments were carried out on the TGA residual coded as C2* and over small square
samples of around 15x15mm of unidirectional carbon fibre/PEEK (APC2/AS4), in transversal
direction to the fibre.

- XPS

For X-ray photoelectron spectroscopy (XPS), a SPECS GmbH with a UHV system, and a
PHOIBOS 150 9MCD as an energy analyser with nonmonochromatic magnesium source (200
W-12 kV) were used.

Tests were conducted over small square samples of around 15x15mm of unidirectional carbon
fibre/PEEK (APC2/AS4) in transversal direction to the fibre.

- TGA

The TGA tests were conducted with a calibrated TGA Q500 from TA Instruments using 5 mg
samples (corresponding to the half of one pellet). The tests were conducted in an airflow of 90
ml/min to simulate conditions in the lamination machine that works in a noncontrolled static air
atmosphere.
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The experiments were performed both using conventional linear heating conditions and constant
rate thermal analysis (CRTA). CRTA provides more resolution power for overlapping processes
and more discrimination power for discerning the kinetic model [40]. The foundation of this
methodology is maintaining the reaction rate at a desired value using a control system that
regulates the furnace temperature. It has been demonstrated that the shape of the a—7T curves
obtained by CRTA allows elucidating the kinetic model followed by the process [41-43].

The evolution of conversion was extracted from equation (7) by subtracting the weight percentage
measured at different times (W,) during the experiment to the initial weight percentage
(Wy~100%), and dividing this quantity by the final relation between the weight percentage at
the beginning (W,~100%) and at the end of the test (W;).

o= Vo= We e
Wo — Wy

- Rheology

Following the methodology described in the literature, six experiments were conducted with a
parallel plate rheometer AR-G2 from TA Instruments with aluminium disposable plates of 25 mm
in diameter, at 653, 673, 693, 713, 733, and 753 K. The tests were performed with a frequency of
0.2 Hz and a strain of 0.2% over PEEK 450G Victrex (C1), trying to obtain similar gap dimensions
for all the samples tested (approximately 1000 um). The material was placed in the rheometer in
the shape of pellets, mass quantity was variable attempting to obtain meniscus and similar values
for gap.

4. Results and discussion

In order to understand the possible thermal degradation experienced by the carbon
fibre/thermoplastic material during the lamination and in-situ consolidation manufacturing
process using laser treatment, several strategies have been used. In general, the main degradation
effects for oxidative degradation of polymeric materials are described in literature as chain-
scission or cross-linking [44]. Some of these degradation phenomena involve mass loss, which
could be detected by thermogravimetric methods, whereas others evolve without any mass loss
[17,45,46]. In this latter case, rheology measurements or differential scanning calorimetry (DSC)
are suitable methods for detecting the effects of degradation. In the case of DSC, the effects are
shown on melting and crystallisation, mainly by a delay in crystallisation and in the dimensions
of obtained crystal structures [47]. However, in a previous work it was affirmed that for PEEK,
DSC is not sensitive enough for characterising the first stages of degradation [46]. On the other
hand, rheological properties, such as complex viscosity, are quite sensitive to chain modifications
(scission, branching, cross-linking) and are suitable parameters for monitoring thermal
degradation [47—49].

In this work, rheology was used to detect first stages of degradation in the temperature range of
623-723 K using the data from the first 100 s. Figure 1 shows the evolution of complex viscosity
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with time for different isothermal programs, as obtained in oscillatory tests for a PEEK sample
(Ch.

The information obtained from the experiments was processed using the reticulation model
described in [17,50] and also applied in [29]. The model is based on considering the number of
chains at the beginning of the test and their evolution with time under a specific thermal program,
and relating them with the molecular weight and complex viscosity of the polymer. Thus, the
number of chains is calculated by using the reverse of average molecular weight after being
converted to weight average molecular weight considering polydispersity indexes (under the
hypothesis of a small variation in polydispersity during degradation, these indexes remain
constant). The molecular weight in mass is directly linked to the complex viscosity under the
hypothesis of linear polymer. At this point, a relationship between the evolution of reticulation
acts and complex viscosity is determined by means of different isothermal programs. The
complex viscosity exhibits a linear tendency with time at the beginning of the tests, which changes
at longer times. Considering that in-situ consolidation implies short heating times, the linear
tendency can be considered for the goal pursued in this study. The slope of the line when complex
viscosity tends to zero, is related to the apparent reticulation speed which follows an Arrhenius
law with temperature. The reticulation acts (Figure 2) are extracted by multiplying the apparent
reticulation speed by the time, as shown in Equation 8.

The polydispersity and average molecular weight for PEEK, needed for the calculus, were taken
from [17]. In the present study, the values calculated for the apparent activation energy in the
reticulation phenomenon (Ejeticuiation) and pre-exponential factor (A) resulted imto be
84.64 kJ/mol and 7.91 - 10~3mol - g~1 - s71, respectively. The value obtained for Ereticuiation
is of the same order of magnitude as those referred to in [17,50], taking into account the
differences due to the execution under different atmospheres.

Applying this method to a typical profile in automatic lamination and in-situ consolidation (fast
increase to the targeted temperature and stabilisation over several seconds) a very low number of
reticulation acts (‘n’) are obtained, which suggests that although degradation by cross-linking
occurs, it could be considered as negligible. It is important to take into account that with this
manufacturing process, the sample is re-heated again after each laser passing step, and thus the
final value of cross-linking for one layer increases and depends on the number of layers.

n(T,t) = Apparent reticulation speed -t = Aexp (— W) t (8)
Another approach for studying the thermal degradation of PEEK is TGA. In this case, the mass
loss, as a consequence of chain scissions that yield smaller subunits which eventually volatise, is
recorded as a function of time and temperature. Different heating schedules have been proposed
in literature, with linear heating being the most conventional schedule used. In this case, the
temperature is linearly increased with time while the mass change of the sample is recorded. A
different approach is sample-controlled thermal analyses, of which CRTA is the most used. In a
CRTA experiment, the temperature is controlled in such a manner that the reaction rate is kept
constant during the entire process. Thus, the change in mass is used for monitoring the process as
it is used as an experimental signal proportional to the reaction rate. CRTA tests have much higher
resolution power for overlapping processes than conventional linear heating [35,51,52].

Figure 3 shows the results of a CRTA test conducted in air on neat resin PEEK 450G Victrex
(C1) using a selected constant reaction rate of 0.004 min~'. Figure 3a shows the evolution of

8
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conversion and temperature as a function of time. It is clear that the reaction fraction describes a
straight line with a slope of 0.004 min™' as programmed, whereas the evolution of the temperature
is complex and it is determined by the evolution of the process itself. The multistep nature of the
degradation with overlapping stages is quite clear in both Fig. 3a and Fig. 3b (the latter figure
includes the evolution of the reaction fraction with the temperature). Our analysis will focus on
the first steps of the thermal degradation, as they are the most significant from the processing
point of view. Thus, three stages for PEEK degradation up to a = 0.30 (30% mass loss) are
discriminated in Figure 3. The ends of these stages have been pointed out with numbers 1, 2, and
3 in Fig. 3b. There is a first step that covers the range of a from 0 to 0.02. After this first step,
there is an inflexion point in the curve. This feature is quite characteristic of nucleation and growth
kinetic mechanisms or of random scission [53]. This second step seems to end at a = 0.08, where
there is change in the curve indicating the beginning of the third stage that continues up to a value
of a ~0.3.

Figure 4 presents the a—T curves and the corresponding da/d¢ curves versus temperature for the
thermal degradation of PEEK in air at four different linear heating rates, reaching the stage of
complete degradation (zero residual, W; = 0.) of the sample in all cases. It is clear from this figure
that the process is complex, since multiple steps of degradation are obtained, as anticipated by the
CRTA analysis in Fig. 3. Moreover, the curves are shifted to higher temperatures with the
increasing heating rate, which indicates that the thermal degradation of PEEK is a process
controlled by the kinetics.

Based on these observations, a deconvolution of the curves was performed to obtain the individual
stages of PEEK degradation. This methodology was applied to the first three stages that
correspond to a mass degradation percentage of 30% (a = 0.3), which is more than enough to
consider a detrimental effect in the polymer. The three resulting individual peaks were used for
the subsequent kinetic analysis. The deconvolution of the peaks was carried out by using the
software Fityk and the Fraser—Suzuki equation, as recommended for working with kinetic curves
because they are asymmetric [34,54]. The deconvolution for the experiment at 10 K/min is
included in Fig. 5 as an example of the work carried out. The deconvolution was performed in the
entire a range, but only the three first peaks were used for the subsequent kinetic analysis, as
mentioned above. The set of curves corresponding to the three first degradation stages for the
different heating rates are plotted in Figure 6; the three kinetic triplets corresponding to the three
different degradation stages were obtained from the three sets of curves.

The contribution of each stage to the overall degradation process was determined from the area
d . . .
under the d—‘: — T peaks, and it was observed that they remain constant, independently of the

heating rate, with values of: 2% (first stage), 6% (second stage), and 22% (third stage), in
agreement with the contributions estimated by CRTA, which suggests that the three stages are
independent [33]. Therefore, their activation energies should not depend on conversion and the
application of the isoconversional method is justified.

The Friedman isoconversional method was applied to each of the three stages. The method relies
on the plot of the left-hand side of the Friedman equation (3) against reciprocal temperature for
the different heating programs used over a specific range of conversion values. The slope of each
of the straight lines obtained gives the value of the activation energies of degradation of PEEK,
which remains almost constant over the whole range of conversion and for each stage of
degradation, as shown in Figure 7. Other authors obtained an overall activation energy of 236.8
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kJ/mol for the thermal degradation of PEEK in air [55], a value which is close to those obtained
in this work for the first and third stages. However, they simplified the process by considering
only two stages up to 100% of degradation, associated with the two main peaks visible in Fig. 5b,
and without taking into consideration that the process is much more complex, as it has been shown
here.

Subsequently, the combined kinetic analysis described in Section 2 was employed to extract the
kinetic triplets for each degradation stage of PEEK, using an optimisation code created with
Mathcad software. The results are summarised in Table 3. The plot of the straight lines obtained
after optimisation are included in Figure 8. The good fitting attained suggests that the
deconvolution from the experimental curves was done properly.

Table 2 Kinetic parameters obtained for the three first decomposition stages of PEEK 450G Victrex (C1).

. Activation
I Pre-exponential
Process Contribution Energy a
factor (cA) n m
(Peak) (%) [1/min] (E.) range
[kJ/mol]
1%t 2 2.6 10°+3.6 10" | 2429409 | 0.01-0.99 | 1.215| 0.201
ond 6 6.9 10"'+8.1 10" | 188.1+0.8 | 0.01-0.99 | 0.940 | 0.720
31 24 8.0 10"+8.6 10" | 241.7+0.8 | 0.01-0.99 | 0.939 | 0.677

The values of n and m determine the reaction mechanism or kinetic model obeyed for each stage;
using the values obtained for n and m, a comparative plot was prepared attempting to determine
similarities with the theoretical models. As can be observed in Fig. 9, the first stage of degradation
overlaps the F1 theoretical curve in most of the range of conversion, whilst the second and third
stages generate a curve that is almost identical to the corresponding A2 mechanism. Interestingly,
the CRTA curve showed for the second and third stages the characteristic shape of a nucleation
and growth mechanism, as A2.

Taking into account the above results, the equation for the thermal degradation of PEEK 450G in
air, based on the thermogravimetric measurements, can be represented as follows:

da

— =0.02(2.610%
o ( exp(

3
_24;"191 10 )(a°'201(1 _ 0()1'215)>

—191 103

+ 0.06 <6.9 10113Xp(T)(a,0.720(1 _ a)o.94o)> )

—241.7 103
+ 0.24 <8.0 1014exp(T)(a0.677(1 _ 0()0'939)>

The reliability of this equation was verified by performing its numerical integration in the a range
considered (using Runge—Kutta 4 as the resolution method), and the result was compared to the
o—T experimental curves. Figure 10 presents the comparison with the experimental curve recorded

10
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at 10 K/min. A nearly perfect match up to 30% of degradation is obtained between the simulated
and the experimental curves, which indicates that the deconvolution and the kinetic triplets
obtained for each degradation stage of PEEK in air are reliable. A small deviation between the
simulation and the experimental curve is observed for conversions close to 0.3, probably due to
the influence of the next degradation stages (o > 0.3). It is important to remark that these results
were obtained without any assumptions regarding the kinetic models followed by the stages
involved in PEEK degradation in air.

The kinetic equation 9 was also integrated in the decomposition range under study (0 < a <0.3),
for predicting the degradation of PEEK under the particular conditions of automatic lay-up and
in-situ consolidation, and for conditions under which higher temperatures are reached. It was
considered that the material experiences isothermal profiles that last for 5 s. Figure 11 shows the
results of the numerical integration for isotherms at temperatures ranging from 673 K (operating
conditions) to 1073 K. As it may be seen, at 1073 K, 30% of degradation (meaning 9% in the
sample because here reaching 100% of degradation means a real 30% in the sample) is achieved
in only 0.2 s, whereas at 973 K and 923 K, this degradation value is obtained after 2.8 s and
beyond 5 s, respectively. Interestingly, the degradation at 873 K and below this temperature can
be considered negligible for a 5 s isotherm (Fig. 11b). Therefore, the kinetic model predicts that
the samples do not suffer any mass loss under the conditions of automatic lay-up and in-situ
consolidation. To further validate these predictions, samples subjected to either conventional
thermal degradation or laser treatment were investigated by other ex-situ experimental techniques,
namely FTIR and XPS

It has been shown that FTIR is a useful technique for the characterisation of thermal degradation
of PEEK samples [56]. Moreover, it could be useful to determine the effect of laser irradiation in
the modification of the structure of polymeric materials [57]. Samples of PEEK 450G Victrex
were analysed as received (sample C1) and compared to a PEEK sample obtained after reaching
2% of mass loss by TGA (sample C2). The ATR-FTIR tests are shown in Figure 12. These spectra
are used as a reference to understand possible degradation mechanisms appearing in the material.
The results show the following tendencies [58]: (i) appearance of one peak at 1714 cm™', related
to the scission of ketone adjacent bonds and reduction of phenyl’s conjugated double bond, (ii)
decreasing in 1486, 1304, and 1010 cm™' peaks associated with effects on phenyl group (this effect
is also confirmed by the increase in nonaromatic hydrogen related to peaks in the range 2800—
3000 cm "), (iii) disappearance of 1276 cm ™' peak related to scission of ether groups, the same
effect is also related to the decrease in 1215cm™, 1184, and 1156 cm ™', (iv) peaks at 926, 836, and
680 cm ™' decrease as well, which could be related to the reduction of aromatic hydrogen. The
results are in good agreement with [45,59].

For the composite material APC2/AS4 Solvay, three different samples were tested: one
corresponding to the material as received (C3) and two corresponding to irradiated samples with
lower (C4) and higher (C5) laser energies that induce different processing temperatures, as shown
in Table 1. The main observable effects, before and after laser irradiation (in normal operative
conditions, C4, and over-irradiated, C5) are shown in Figure 13. Very small changes are observed
among the spectra corresponding to the three samples. Thus, only small modification of the
shoulder at 1253 cm™' (related to ether bonds) and changes in the nonaromatic hydrogen bonds
are observed. Therefore, the variations are too small to ensure that they are related to some specific
modification in the material structure. Considering these results, it could be concluded that of the
two laser treatments performed in this work, the normal and high power, neither produced any
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significant degradation detectable by ATR-FTIR, in agreement with predictions made from the
kinetic parameters calculated by the combined kinetic analysis (equation 9 and figure 11).

XPS was applied to samples of a pre-impregnated material (APC2/AS4) as received from the
supplier (C3) and after laser normal irradiation (C4). This technique is widely used to characterise
samples after specific treatments, with surficial modification for improving adhesion being one
of the most frequently used methodologies [45,46,60]. The main difference between this
technique and ATR-FTIR is the depth under analysis; in the case of XPS, this in the nanometre
range. The results obtained were processed by using the software package OriginPro 8.6. The
main information was extracted from the band of binding energies corresponding to Cls after
applying deconvolution by using Fityk software and Gaussian functions (the O1s information was
discarded owing to the ambiguity of fitting) [60]. With the objective of determining a possible
interaction of chain scission related to ether or ketone bonds, a comparison among the area of
deconvoluted peaks and the general area of Cls, reveals that the irradiated sample has experienced
an increase in aromatic carbon bonds (2.1%), decreases in ether (1.6%) and ketone (0.53%)
carbon bonds, and no effect on alkene bonds (Figure 14). These results could in principle be
associated to an oxidative effect after automatic lay-up and in-situ consolidation. However, the
differences are too small to be considered a clear consequence of degradation and could be related
to experimental deviations. Thus, XPS results also seem to validate the predictions from the
kinetics analysis that indicated negligible decomposition under the laser irradiation processing
conditions.

5. Conclusions

The thermal degradation of PEEK in air was studied under in-situ heating conditions by means of
rheological and thermogravimetric measurements. The variation in complex viscosity was used
as a degradation monitoring parameter for in situ measurements at a constant temperature. Only
for the maximum studied temperature, 753 K, a significant increase in cross-linkage was observed
after a long induction period, whereas for lower temperatures, the increase in cross-linkage was
quite small, indicating negligible degradation. Thermogravimetric studies under both linear
heating and CRTA conditions showed that the degradation in air is a very complex process with
three overlapping steps up to 30% of mass loss. A complete kinetic description of this initial
degradation range was performed using updated deconvolution procedures and the Combined
Kinetic Analysis. From the analysis, a general equation that describes the degradation rate as a
function of temperature was proposed. This kinetic equation allows simulating the experimental
curves used in the analysis and making predictions under different heating conditions. Thus, the
thermal behaviour of the material during the heating conditions reached during laser irradiation
in the lay-up and in-situ consolidation was simulated. The model predicted negligible degradation
under these conditions. Ex-situ studies by ATR-FTIR and XPS confirmed that carbon fibre—
PEEK composites subjected to this processing technique do not suffer significant degradation.
Therefore, by a combination of experimental measurements and kinetic simulation, the optimum
processing conditions for lay-up and in-situ consolidation of carbon fibre—PEEK composites
could be established.
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