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Thermal degradation

This study proposes a coupled thermal-chemical numerical model for preventing the thermal degradation of
carbon fibre (CF) reinforced polymers at extreme heating rates. Its applicability is demonstrated in a laser-
heating case study of CF-reinforced poly-ether-ether-ketone (CF/PEEK). The kinetic parameters of the PEEK
matrix, derived from thermogravimetric analysis at conventional heating rates, are introduced in the model and
an extrapolation approach is applied to investigate the laser heating of CF/PEEK. The results show that the model
captures the heating rate effect on the decomposition of the material, and is used to identify the processing
conditions that can reach high temperatures without triggering the thermal degradation mechanisms of the PEEK
matrix. Then, a multi-technique experimental investigation takes place to identify the processing conditions that
first trigger the thermal degradation mechanisms of CF/PEEK in the examined laser-heating case study. Inter-
estingly, a good agreement is found between the experimental and numerical investigations which validates the

model and the applied extrapolation approach.

1. Introduction

The general advances in fast manufacturing technologies have
increased the interest of both industry and academia in the laser pro-
cessing of carbon fibre-reinforced polymers (CFRPs). Laser joining [1-5]
and laser cutting [6-10], as flexible non-contact processes where
localised heating is applied, have several benefits in the fields of com-
posite/metal joining and composite machining. Significant research also
takes place to further improve applications such as laser-assisted tape
placement (LATP) due to the fast production rates that they can achieve
[11-16]. One of the main damage mechanisms that can take place in
these high-temperature applications is the thermal degradation of the
polymer matrix. Thermal degradation could lead to mechanical prop-
erties deterioration and porosities formation [17-20]. Especially the
porosities can significantly affect the post-processing structural integrity
of the composite material, and of the composite/metal joint by causing
delamination [1,21,22]. Therefore, one of the main goals in the laser
processing of CFRPs is to identify the processing conditions that can
ensure the required temperatures without activating the degradation
mechanisms of the polymer matrix [23,24].

In many applications where laser heating is involved, such as laser
joining or laser cutting, the common practice to reduce the heat-affected
zone (HAZ) is to proceed to an optimisation process that takes place
experimentally [1,2,6,7,18,25]. Considering the increased cost and
complexity of this process, the use of cost-effective methods such as
finite element analysis (FEA) offers an interesting alternative [26,27].
Aligned with that, this study proposes a numerical framework that can
identify the processing conditions that can prevent the thermal degra-
dation mechanisms of CFRPs at extreme heating rates, and the appli-
cability of the model is demonstrated in a laser heating case study of CF-
reinforced poly-ether-ether-ketone (CF/PEEK).

So far, several studies have examined numerically the laser heating
of CF/PEEK [28-30] as well as its laser joining applications with metals
[18,31]. In addition, mathematical models have been developed to
examine the heat distribution of CF/PEEK during laser ablation [32].
Commonly, temperature-dependent material properties are considered
to examine the response of CF/PEEK in these conditions. Nevertheless,
research has shown that the heating rate influences the response of the
material and offsets its decomposition at higher temperatures as the
heating rate increases [33,34]. Hence, it is important to consider the
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heating rate effect to accurately capture the response of CF/PEEK in
laser processing.

An effective methodology accounting for this effect involves the use
of an extrapolation approach. This approach utilises the kinetic model of
the matrix material - as derived from thermogravimetric analysis (TGA)
at conventional heating rates — to examine the material’s response at
extreme heating conditions. It has been recently used in lightning strike
studies of CFRPs as an alternative to using temperature-dependent ma-
terial properties [35-39]. Interestingly, Millen et al. showed that using
an extrapolation approach improves the damage predictions in lightning
strike simulations and reduces the error in predicting the severe damage
area to within 8 % of the experimental values [40]. Therefore, it could
also be relevant for a range of high-temperature applications of CFRPs
where the main objective is to reduce the HAZ of the material, and this
work utilises this approach to identify the laser processing of CF/PEEK
that slightly triggers the thermal degradation mechanisms of the PEEK
matrix.

Consequently, another important objective of this study is to validate
the applied extrapolation approach. In general, a suitable test setup
where it would be possible to examine the decomposition of polymers
and composites at extreme heating rates is not available yet. For
example, the maximum heating rate of conventional TGA equipment is
limited to a few hundred °C/min, while the material experiences a
heating rate > 10,000 °C/min during laser heating or lightning strike
phenomena [40]. Hence, the validity of the applied extrapolation
approach cannot be directly assessed, and to address this issue attenu-
ated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR) is employed in this work as an alternative methodology. ATR-FTIR
can detect the processing conditions that initially trigger the thermal
degradation mechanisms of CF/PEEK, and thus it can also be used to
assess the validity of the applied extrapolation approach.

Altogether, the calculated kinetic model of PEEK at conventional
heating rates is introduced in Abaqus software with the user-defined
subroutines HETVAL and USDFLD [41], and an extrapolation
approach is applied to examine the response of CF/PEEK in laser heat-
ing. Through this process, the power density that slightly triggers the
decomposition mechanisms of the PEEK matrix is defined for both a
Gaussian and a top-hat laser beam. To validate the model, an experi-
mental investigation takes place where the laser-heated samples are
examined with ATR-FTIR and optical microscopy (OM), and their sur-
face roughness and surface morphology are also assessed. Interestingly,
a good agreement is reached between the two investigations regarding
the critical laser power that first triggers the thermal degradation
mechanisms of CF/PEEK. This is a significant finding since it provides
evidence for the first time that the applied extrapolation approach
manages to capture the onset of degradation in the extreme heating
conditions that take place in laser heating. Taken together, this paper is
structured as follows: Section 2 describes the theoretical background of
the proposed numerical framework. Section 3 focuses on the derived
kinetic model and discusses the applied extrapolation approach, while
the main outputs of the numerical and the experimental investigation
are presented in Section 4 and Section 5 respectively. Finally, the main
conclusions of the study are gathered in Section 6.

2. Theoretical background

When CFRPs are subjected to extreme heating conditions, various
physical and chemical phenomena occur, and thermal-chem-
ical-mechanical coupling effects take place. First, the increased tem-
peratures result in the degradation of the polymer matrix which leads to
the diffusion of decomposition gases and variations in the material
properties [42]. Foster et al. successfully described the pattern that leads
to thermally induced damage in CFRPs at extreme heating conditions
[43]. The as-received material has a significantly higher conductivity in
the longitudinal fibre direction than in its transverse and through-
thickness direction. Therefore, the greatest part of the applied heat

Composites Part A 177 (2024) 107938

flux will first flow through its fibre direction. As the heating process
develops and the decomposition of the polymer matrix occurs, propor-
tionally more heat will flow in the other two directions of the material
[43]. Likewise, a similar heating sequence will take place in the adjacent
plies resulting in the overall heat-affected region of the CFRP.

As far as modelling is concerned, to capture the thermal behaviour of
the composite material as decomposition progresses it is important to
realistically represent its properties. The properties of the decomposing
material and the properties before and after decomposition must be
considered. To do so, the decomposition degree « is defined where

o= [p Prirgin — P ] )
virgin — Pcharred.

In Eq. (1), pyirgn AN P pgrreq TEPTeEsent the virgin and the charred state
of the material density, while p is the instant density. After defining the
decomposition degree @, the common practice is to consider the prop-
erties of the decomposing material as being dependent on the relative
fractions of its char and its virgin state [19,35,38,42]. For example, the
thermal conductivity k,, in the x direction and the specific heat C, of the
decomposing material can be described by
ko = akShemed 4 (1 — a)kien @

Cp — aC;hurred 4 (1 _ a)C/‘;i'gi" (3)

respectively. As seen in Egs. (2) and (3), the decomposing material’s
properties are dependent on the corresponding properties of the mate-
rial at its virgin (K™, C;irgi") and charred state (k<hemed Cf,’""’ed). To
describe the coupled thermal-chemical behaviour of CFRPs in laser
heating Eq. (4) is commonly applied [44]:

ar da

o = VKVT) + Qrawer — pHy - C))

rCrg di

where p, C,, and k represent the density (kg/m®), the specific heat (J/
kg-K), and the thermal conductivity of the material (W/m:-K), while
QLaser Tepresents the absorbed energy from the laser (W/m?) and H; the
reaction heat due to the matrix decomposition (J/g-s). The latter value is
defined with pyrolysis combustion flow calorimeter (PCFC) testing and
equals 302 J/g-s for pure PEEK [45]. Finally, the rate of the decompo-
sition degree over time can be expressed as the n-th power of the non-
decomposed material [46], as shown by

fi—(::K(T)(l —a) 5)

where K(T) is the kinetic model defined by:

7Ea
K(T) = Aexp< RT ) (6)
In the Arrhenius-type Eq. (6), R is the universal gas constant (8.3145
J/mol-K) while A, E,, and n are the pre-exponential factor (1/s), the
activation energy (kJ/mol), and the reaction order respectively. These
parameters are commonly calculated from TGA experiments at con-
ventional heating rates. Regarding their numerical implementation,
Abaqus/standard finite element code does not incorporate the described
theoretical foundation. Hence, to introduce the kinetic model of PEEK in
the solver, the user-defined subroutines USDFLD and HETVAL are used
and the integrated form of Eq. (5) (¢t = 0, @ = 0) is implemented with:

a:l—{(n—nAexp(;—';“)tHr @

Eq. (7) calculates the decomposition degree field throughout the
simulation by applying the Scheil superposition principle. This principle
was first introduced by Hildenwall et al. [47], and is commonly used
when non-isothermal phase changes occur [35,36]. Numerically, it is
based on time discretization and assumes that degradation is an



D. Gaitanelis et al.

isothermal process in the time increment At, which is a lot shorter than
the total time of the phenomenon. Taken together, the final equations
that are used for calculating the decomposition degree field are repre-
sented by

@ =1- {(nf 1)Aexp(ml+%)z, +1F

a=1- {(1 )+ (- 1)Aexp(ﬁi“m/2)m]ﬁ(i >2)
®)

The first part of Eq. (8) calculates the decomposition degree a; in the
initial step. When i > 2, the value of @; in each step is consequently
derived considering the decomposition degree of the previous step, @;_1,
and the temperature values in the time increment At. With this meth-
odology, the PEEK kinetics are implemented in the model and the
decomposition degree field is captured throughout the simulation. Its
values are then used as a field variable with the user-defined subroutine
USDFLD to update the material properties of the examined CFRP in each
increment. Hence, the exact material state is considered throughout the
simulation, and overall a coupled thermal-chemical analysis is carried
out where a decomposition dependency of the material properties is
established.

3. Kinetic model and applied extrapolation approach

The Kinetics Committee of the International Confederation for
Thermal Analysis and Calorimetry (ICTAC) recommends slower heating
rates for deriving the kinetic model of polymers and composites. The
reason for this is that faster heating rates can result in implications be-
tween the accurate measurement of the sample’s mass and of the
reference temperature that is captured with the thermal analysis in-
struments [48]. Therefore, PEEK samples of 7.6 mg + 0.6 mg are
examined in an air atmosphere at heating rates of 2.5, 5, and 10 °C/min
using a TGA 2 thermogravimetry from Mettler Toledo. Fig. 1a shows that
the decomposition of PEEK takes place in two steps [34,49]. In this
work, the focus is given to the first decomposition step where the ma-
terial could still maintain part of its structural integrity (Fig. 1a). To
calculate the kinetic parameters of PEEK, the Ozawa/Flynn/Wall
method [50] is applied (Fig. 1b) in accordance with the ASTM Standard
E1641 [51]. The analysis of the first decomposition step captures a pre-
exponential factor A equal to 4.27 x 103 (1/sec), an activation energy
E, equal to 182.09 kJ/mol and a reaction order n equal to 2.2, which
agree with the results of previous studies that examined the decompo-
sition of PEEK at similar heating conditions [33].
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These parameters are introduced in Abaqus software with the user-
defined subroutine HETVAL, and an extrapolation approach is applied
to examine the response of CF/PEEK in laser heating. To present an
initial validation of the applied extrapolation approach, Fig. 2 shows the
extrapolated response of PEEK’s kinetic model at 100 °C/min, along
with its experimental curve at the same heating rate. This is the
maximum heating rate achieved with the available equipment, and the
analysis indicates a very good agreement between the experimental
results and the kinetic model’s calculation at 100 °C/min. Fig. 2 also
illustrates how an increased heating rate offsets the decomposition of the
material at even higher temperatures. For example, the temperature
where 5 % of the initial mass is lost (Tgs¢;) increases from 597 °C at 100
°C/min to 729 °C at 10° °C/min, as calculated by the kinetic model. To
account for this effect, temperature offsets have been previously used in
lightning strike studies to estimate more realistically the thermal dam-
age of CFRPs at these conditions [40,43,52]. Nonetheless, as shown in
section 4.2, the proposed numerical framework can capture the heating
rate effect on the decomposition of the material which is an important
benefit in applications where extreme heating rates are applied.

1.0 ==
Experimental 100°C/min #
——  Calculated 100°C/min r
G Calculated 10° °C/min '/"
8 /
= i
)
o ¥
S 06 ;
K] !
= 1
@ :
8 i
g 044 :
o I
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[ !
0.2 - i
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0.05 ‘
0.0 T T 4/1 — T
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Fig. 2. Validation of the kinetic model with experimental data at 100 °C/min
(first decomposition step) and predicted decomposition of PEEK when heated at
10° °C/min.
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Fig. 1. (a) Decomposition degree a versus temperature of the TGA experiments of PEEK in air at 2.5, 5, and 10 °C/min, and (b) logarithm of the heating rate versus

1000/Temperature when «a is equal to 0.05.



D. Gaitanelis et al.

DFLUX:
Sorbutte CoueVermh) Speaed Mesting;
power, with a beam diameter of 5 mm - fianeiest sesdiol
! 0.25 mm & 2 elements
though the thickness
of each ply

Top and lateral surface
modelled with surface
radiation to ambient
temperature with an
emissivity of 0.95

Bottom surface
modelled as adiabatic

Fig. 3. Numerical model characteristics: Boundary conditions, applied heat
flux, and mesh characteristics.
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4. Numerical investigation

The laser-heated samples are modelled in Abaqus® software and a
two-step transient heat transfer analysis is carried out. In the first step,
the applied heat flux is simulated and in the second step the resulting
heat dissipation is modelled for a maximum of three seconds. This
duration is found sufficient for modelling the heat dissipation through
the thickness of the CF/PEEK laminate. For each set of processing pa-
rameters, a panel of 100 mm x 100 mm x 4 mm is simulated and the top
eight plies follow the stacking sequence described in section 5.1. The
rest of the laminate is divided into eight parts that follow a [0°/90°]4
stacking sequence. Two elements are considered through the thickness
of the top eight plies, and the model is meshed with 8-node linear heat
transfer brick solied elements (DC3D8) (Fig. 3). The boundary condi-
tions aim to reproduce the experimental process, and surface radiation is
considered on the top and the lateral surfaces while the bottom surface is
modelled as adiabatic. Finally, the laser beam is modelled as a circular
two-dimensional (2D) Gaussian beam or as a top-hat laser beam over the
x-z plane on the centre of the top surface with subroutine DFLUX
(Fig. 3). The exact equation of the applied heat flux, Qpgs.r, is described
by

ABAQUS/STANDARD: Transient heat transfer analysis

1 field variable: FIELD(1), 2 state variables: STATEV(1,2)

Material properties dependent on FIELD(1)

.

Call subroutine DFLUX: Apply Gaussian
laser beam or Top-Hat laser beam (Eq. 8)

Calculate the temperature field

v

Call subroutine USDFLD:

Access the maximum temperature TEMP of
the previous increments

Set the state variable STATEV(1) as a field
variable: STATEV(1) = FIELD(1)

.

Call subroutine HETVAL:

Update the material
properties based on
the new value of
FIELD(1)

Read temperature value TEMP(1) and time increment
DTIME in the current time step — Implement the kinetic
parameters of PEEK: A, E,and n

Calculate the current value of the decomposition degree a,
STATEV(2), using its value at the previous increment
STATEV(1) (Eq. 9).

Calculate the internal heat generation FLUX(1) due to the
reaction heat of the PEEK matrix decomposition.

Update the value of FIELD(1)
FIELD(1) = STATEV(2)

Fig. 4. Schematic figure of the model with the implemented subroutines: DFLUX, USDFLD & HETVAL.




D. Gaitanelis et al.

Table 1
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Decomposition-dependent material properties of CF/PEEK [53-55] and calculated kinetic parameters of PEEK that are implemented in the model.

Decomposition-dependent material properties of CF/PEEK

Decomposition degree a Density (kg/m®)

Specific heat (J/kg-K)

Thermal conductivity (W/m-K)

Longitudinal Transverse Through-thickness
1590 823 4.1 0.47 0.47
1 1270.4 2171 1.736 0.1 0.1
Calculated kinetic parameters of the PEEK matrix
Activation energy E, (kJ/mol) Pre-exponential factor A (1/sec) Reaction order n
182.09 4.27 x 10"3 2.2
) R . s . .
caussion 2PLaser ) (x —x0)* + (2 — 20) ol.)tamed tempe'rature and decomposition degree field is illustrated in
Laser = oo @D A\ T Fig. 5. The maximum temperature on the surface of the top ply reaches
faser faser ) 3326 °C (Fig. 5a) and the decomposition degree a equals to one
Tonhat Praser throughout the heated area (Fig. 5b). At these temperatures, fibre
ser 2 . .
T Laser ablation occurs [65] and the PEEK matrix fully decomposes. Interest-

for the Gaussian and the top-hat laser respectively where Ppq., is the
laser power and ry4r is the laser beam radius. Finally, the kinetic model
of the PEEK matrix is implemented with the user-defined subroutines
HETVAL and USDFLD and Fig. 4 presents a detailed schematic of the
exact process.

Fig. 4 shows that the material properties are updated in each incre-
ment according to the calculated value of the decomposition degree a.
Overall, the properties of the decomposing material are modelled to vary
linearly with the decomposition degree from the virgin (¢ = 0) to the
charred state of the material (@ = 1). The exact decomposition- depen-
dent material properties and the calculated kinetic parameters of PEEK
can be seen in Table 1. The modelled properties of CF/PEEK prior to the
onset of degradation are derived from experimental studies that took
place at room temperature [53,54]. In the absence of experimental data
for charred CF/PEEK, properties from the study of Griffis et al. [55] on
charred AS4/3501-6 graphite epoxy are employed. Although the matrix
material differs, it is considered appropriate for this study as the thermal
properties at full matrix decomposition are mainly influenced by the
intact reinforcement. To date, only a limited number of investigations
have explored the properties of charred composites, and the existing
studies are over 30 years old [55-57]. Consequently, more current
studies that incorporate recent technological advancements would
benefit the research community.

Taken together, the main objective of this work is to identify the laser
heating that slightly triggers the decomposition mechanisms of the PEEK
matrix. Nevertheless, the introduced numerical recipe can be applied to
a wider range of heat transfer problems with even higher expected
temperatures. Hence, when full decomposition occurs the charred
properties from the study of Griffis et al. are applied in the model [55]
and a char yield of 80 % is considered [58]. Finally, the sublimation of
CF is modelled to take place from 3316 °C to 3334 °C and 43 kJ/g are
assumed to be released as latent heat in that temperature window [56].

4.1. Applicability of the model in cases where full decomposition occurs
(1600 W-10 ms)

First, a 2D Gaussian beam distribution with a laser beam diameter of
5 mm and an applied power of 1600 W for 10 ms is examined. The

ingly, scanning electron microscopy (SEM) captures these damage
mechanisms when the CF/PEEK plate is laser heated with a Gaussian
beam of a 5 mm spot diameter at these conditions (1600 W-10 ms)
(Fig. 5e).

The cross-thickness temperature field is also examined, and Fig. 6
displays the temperature distribution of representative nodes located
between the second and seventh ply at the centre of the applied laser
beam. The T of PEEK is surpassed in all the plies apart from the seventh
ply (Fig. 6). The high temperatures that are reached could potentially
affect the cross-thickness crystallinity of the laminate and hence dete-
riorate its mechanical properties. Nonetheless, the short amount of time
that the material remains at these temperatures does not guarantee a
significant impact on the crystallinity content. However, the rapid
heating and cooling that takes place during laser heating have been
previously associated with the lower levels of crystallinity that are found
in CF/PEEK structures made with LATP [59-61]. To determine whether
the applied laser heating affects the cross-thickness crystallinity of CF/
PEEK, a localised crystallinity assessment would be recommended that
exceeds the scope of this study.

Regarding thermal degradation, Fig. 5d indicates that it is also
triggered at the second ply of the laser-heated laminate. In this ply, the
degraded area is limited in the centre of the heated region where the
applied heat flux has its maximum value. As previously mentioned, since
the thermal conductivity of CF/PEEK is significantly less in the through-
thickness direction than in the longitudinal direction (Table 1), the
resulting degradation is limited to the top two plies of the laminate.
Likewise, the extent of degradation in the second ply (Fig. 5d) is
significantly less than in the heated surface of the top ply (Fig. 5b).

4.2. The heating rate effect on the decomposition of PEEK as captured
with the numerical model

Fig. 7 shows that the two degraded plies experience a significantly
different decomposition process. In the first ply, degradation initiates
around 825 °C and a 1 % mass loss takes place at 873 °C. On the other
hand, in the second ply of the heated laminate 45 % of the initial mass
has already decomposed at 787 °C (Fig. 7). The observed difference is
due to the different heating rates that the two areas experience. For
example, the top ply reaches a full decomposition within the first 10 ms
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Second ply

Fig. 5. Temperature (°C) and decomposition degree field as captured by the model when CF/PEEK is heated wth a Gaussian beam (1600 W-10 ms): (a-b) top ply, (c-
d) second ply, and (e) laser-heated surface of CF/PEEK at the examined heating conditions.

——— Second ply

—— Third ply
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—— Fifth ply
600 - ——— Sixth ply

——— Seventh ply

Temperature (°C)
D
o
o

0.0 0.5 1.0 15 2.0 25 3.0
Time (s)

Fig. 6. Temperature profile of representative nodes in the in-depth direction
(1600 W-10 ms).

of the applied laser heating. On the other hand, the second ply reaches
its maximum temperature during the proceeding heat dissipation step
and particularly 0.1328 s after the applied thermal load. Consequently,
the two plies experience a heating process with significantly different
heating rates, and indicatively the heating rate is 56 times greater in the
first ply than in the second ply.

Altogether, Fig. 7 demonstrates that the developed methodology can
capture the heating rate effect. Considering that the material properties
are a function of the decomposition degree, this is an important
advantage. With this approach, the properties of each element are
updated based on its thermal history. For example, at 787 °C the second
ply has already decomposed by 45 % while the first ply has not yet
reached its onset of decomposition. Hence, the two elements are
modelled with different material properties at 787 °C that correspond to
the extent of degradation they have experienced at these temperatures.
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Fig. 7. Decomposition degree a versus temperature in the two degraded plies
(1600 W-10 ms).

By considering the effect of the applied heating rate, this methodology
ensures a more accurate representation of the material properties
throughout the simulation compared to the use of temperature-
dependent material properties, which is overall the main key for a
successful model [42].

4.3. Laser heating of CF/PEEK without the effects of degradation

After presenting the capabilities of the model in power densities that
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Fig. 8. Process window for achieving a decomposition of PEEK less than 1 % (a < 0.01), when CF/PEEK is subject to laser heating with: (a) a 2D circular Gaussian

laser beam, and (b) a top-hat laser configuration.

lead to full decomposition, the model is used to identify the processing
conditions that do not severely decompose the material and can there-
fore achieve high temperatures without the consequences of thermal
degradation. From a previous study by the authors, a decomposition of
the PEEK matrix around 1 % was found tolerable and ensures a limited
effect on the crystallinity content of CF/PEEK [34]. Likewise, several
studies have set a decomposition equal to 1 % as the threshold that
would ensure the required post-processing structural integrity of CF/
PEEK after laser processing [62-64]. Hence, a value of a equal to 0.01 is
considered in this study as the thermal limit of laser-heated CF/PEEK,
and Fig. 8 presents the power density that leads to a decomposition of
PEEK around 1 % (x < 0.01) for a heating duration between 0.5 ms and
18 ms. According to the results of the model, the critical power density
varies from 8860 W/cm? to 418 W/cm? when a Gaussian laser beam is
applied and from 8000 W/ em? to 346 W/cm? when a top-hat laser beam
is used.

5. Experimental investigation

To validate the model and the applied extrapolation approach, an
experimental investigation takes place where the numerically examined
CF/PEEK laminate is laser heated with a top-hat laser beam. An IPG YLS-
5000 continuous wave (CW) fibre laser is used with a maximum power
of 5000 W and a wavelength of 1070 nm. A beam of 8.1 mm spot
diameter is applied on the surface of the examined specimens for a
heating duration equal to 1 ms. The model captures a critical power
density of 4020 W/cm? required to achieve a 1 % degradation in CF/
PEEK when exposed to a top-hat laser beam for 1 ms (Fig. 8b). Thus,
given the 8.1 mm spot diameter of the applied laser beam, the critical
laser power that results in a 1 % decomposition equals 2070 W. To assess
the validity of this result, several laser powers are applied to CF/PEEK
within the range of 1500 W-3000 W.

One of the main challenges in high-temperature — short-duration
processing is to measure experimentally the maximum temperatures
that occur [49]. This is a difficult task, especially in applications where
the applied heating only takes place for 1 ms. Conventional thermo-
couples have a response time that is significantly greater than that,
which results in an underestimation of the measured temperatures.
Additionally, even though optical pyrometry and infrared thermography

are well-established techniques the existing difficulty in capturing the
material’s emissivity variations during the heating process can affect
their maximum accuracy [65]. Nevertheless, even if the exact temper-
atures are captured they would not necessarily provide sufficient in-
formation for answering whether thermal damage is induced in the
material [49].

For thermal damage to take place, both the reached temperatures
and the dwell time at these temperatures are important. Especially in the
exteme heating rates that are applied in laser heating, it is evident that
the smaller amount of time that the polymer would remain at increased
temperatures may not necessarily trigger the thermal degradation
mechanisms of the heated material. Therefore, to optimise the applied
high-temperature — short-duration processing or laser processing of CF/
PEEK it is important to employ the appropriate techniques that could
detect the event of thermal damage in the examined conditions [49,66].
In this study, ATR-FTIR is proposed as a method that could address this
issue and it is used in this work for assessing the validity of the applied
extrapolation approach. Altogether, the laser-heated specimens are
examined with ATR-FTIR and OM and the laser power that initially
triggers the thermal degradation mechanisms of CF/PEEK is identified
and compared with the results of the numerical model. Additionally, to
further examine the impact of laser heating on CF/PEEK the examined
samples’ surface morphology and surface roughness are assessed using a
three-dimensional (3D) non-contact profilometer.

5.1. Examined material

The examined CF/PEEK laminate is manufactured at TWI Ltd.,
Cambridge, UK, and has a uniform stacking sequence of [0°/90°/0°]o.
Tenax®-E TPUD PEEK-HTS45 unidirectional (UD) prepregs were used
with a nominal thickness of 0.14 mm provided by Teijin Limited. The
manufacturing process took place in a hot press, where the 27 layers
were initially heated from the top platen at 400 °C with an applied light
contact for 30 min. Then, the pressure was set to 150 bar and the layers
were slowly cooled to 100 °C, where the formed laminate was removed
and let to naturally cool down to room temperature. The final di-
mensions of the plate were 280 mm x 280 mm x 4 mm.
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Fig. 9. Formed porosities on the surface of CF/PEEK after laser heating with (a) a Gaussian laser beam and (b) a top-hat laser beam.

5.2. Damage mechanisms on the surface of laser-heated CF/PEEK

As shown in Fig. 5e, at higher power densities fibre breakage and
material ablation take place on the laser-heated surface of CF/PEEK.
Interestingly, these damage types are also captured by the numerical
model at the examined conditions (Fig. 5a, Fig. 5b). Another important
damage mechanism that takes place at CF/PEEK upon laser heating is
the occurrence of porosities. For example, formed porosities are evident
when the material is heated with a Gaussian and a top hat laser beam
(Fig. 9). Their main formation mechanism is the thermal degradation of
the polymer matrix where the gaseous products that are produced
eventually form the porosities [1] which can then lead to delamination
[1,2,21]. Finally, after comparing the heat-affected region of the CF/
PEEK specimens with their non-affected region, matrix decomposition,
resin deterioration, and fibre exposure are also observed (Fig. 9).
Similarly to this study, these damage mechanisms have been outlined in
several experimental investigations available in the public domain
literature [19,67].

5.3. ATR-FTIR analysis

A Nicolet iS50 FTIR spectrometer operating with the built-in dia-
mond ATR from Thermo Fischer Scientific Inc. is used and the accu-
mulated spectra are collected from 4000 to 600 cm ™! with a resolution
of 4 em™! and a total of 128 scans. To proceed to the analysis, the
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Fig. 10. IR spectra of CF/PEEK before and after the applied laser heating of 1
ms with a top-hat laser beam of 8.1 mm spot diameter and a laser power equal
to 2100 W and 3000 W.
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Fig. 11. IR spectra of virgin CF/PEEK, and laser-heated CF/PEEK with a top-
hat laser beam of 8.1 mm spot diameter, a heating duration of 1 ms, and a
power of 1500 W, 1900 W, 2000 W, 2100 W, 2600 W, and 3000 W.

accumulated spectra are baseline-corrected and normalised to the 1593
em ™! peak [34,49]. As indicated with arrows in Fig. 10, changes are
mainly noticed within the 1400-800 cm ! spectral region of the laser-
heated samples. A shoulder is detected on the proximal ether peak at
1216 cm™! as well as changes in the diphenylether bonds around 1110
cm™L. The intensity ratios of the 1305/1280 cm ™! and of the 966,952
cm ! IR bands, and the aromatic hydrogens at 863 cm ™! and 841 cm™!
are also altered [34,49]. These changes are associated with the process
of thermal degradation in CF/PEEK, and are attributed to the cross-
linking mechanisms that take place in the PEEK matrix with the applied
thermal load [68,69].

5.3.1. Laser power that first triggers the thermal degradation of CF/PEEK

As already indicated, ATR-FTIR is a useful technique for following
the spectral changes that occur in PEEK and CF/PEEK upon the event of
thermal degradation [34,49,66]. Therefore, it is applied in this work to
detect which processing conditions first trigger the degradation mech-
anisms of the laser-heated specimens. Fig. 11 shows that the spectral
changes that are associated with the event of thermal degradation are
first noticed in the specimen heated at 2100 W. When laser powers lower
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Fig. 12. Surface of: (a) virgin CF/PEEK, and of CF/PEEK after laser heating of 1 ms with a top-hat laser beam of 8.1 mm spot diameter and a power of (b) 1900 W, (c)

2000 W, (d) 2100 W, (e) 2400 W, (f) 2600 W, and (g) 3000 W.

than 2100 W are applied, the accumulated spectra are similar to the
spectra of the as-received CF/PEEK, indicating that thermal degradation
has not taken place in these conditions (Fig. 11). On the other hand,
spectral changes at 1253 em ™!, 1100 em ™}, 970 em ! and 850 cm ! and
in the 1305/1280 cm™! intensity ratio are detected in the samples
heated with laser powers > 2100 W (Fig. 11). Hence, ATR-FTIR captures
the 2100 W as the critical laser power that first results in thermal
degradation on the surface of CF/PEEK (Fig. 11). This value has a good
agreement with the results of the numerical model that captured 2070 W
as the critical laser power in the examined case study. This demonstrates
the validity of the model and of the applied extrapolation approach, and
to further support these findings the laser-heated samples are also
examined with OM.

5.4. Optical microscopy

Fig. 12 illustrates the laser-heated region of several CF/PEEK speci-
mens of this investigation. Similarly to the ATR-FTIR analysis, OM also
captures 2100 W as the critical laser power that first triggers the thermal
degradation mechanisms of CF/PEEK, and overall, thermal damage
takes place when a laser power > 2100 W is applied (Fig. 12d). To begin
with, the laser-heated region of the samples processed with 1900 W and
2000 W is found similar to the surface of the virgin CF/PEEK (Fig. 12a)
and no thermal damage is identified in these specimens (Fig. 12b,
Fig. 12c). On the other hand, the thermal damage is apparent at an
applied laser power of 2100 W (Fig. 12d) and above (Fig. 12e - Fig. 12g).

To enhance this observation, Fig. 13 illustrates the boundaries of the
heat-affected region of the CF/PEEK specimens heated with laser
powers > 2100 W. The laser heating effect is evident on the surface of
CF/PEEK and the heat-affected region of the examined specimens can be
clearly distinguished from the non-affected region (Fig. 13).

5.5. Surface morphology and surface roughness

To further assess the effect of the applied laser heating on the CF/
PEEK specimens, a 3D non-contact profilometer is used to examine their
surface morphology and surface roughness. In particular, the Alicona
Infinite Focus SL optical system is used to examine the laser-heated and
non-affected region of each sample, and areas of 2 mm by 2 mm are
evaluated in each sample. To begin with, Fig. 14 illustrates the surface
morphology of the examined laser-heated region of each specimen. The
applied laser heating results in exposed fibres when a laser power >
2100 W is applied on the surface of CF/PEEK (Fig. 14c - Fig. 14f). This is
due to the thermal degradation of the PEEK matrix that takes place in
these conditions, which gets more intense when the specimens are
heated with higher laser powers.

To illustrate the effect of increased laser power, the surface rough-
ness (R,) of each sample is examined. All the measurements take place in
the transverse direction, and the results show that increasing the applied
laser power increases the surface roughness R, on the specimens’
affected surface (Fig. 15). In the samples heated at 1900 W and 2000 W,
a negligible increase of 4.7 % and 8.8 % is noticed in their R, values,
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Fig. 13. Boundaries of the heat-affected region in the laser-heated CF/PEEK specimens where thermal damage occurs: (a) 2100 W, (b) 2400 W, (c) 2600 W, (d)
3000 W.
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Fig. 14. Surface morphology of the laser-heated region of CF/PEEK after laser heating of 1 ms with a top-hat laser beam of 8.1 mm spot diameter, and a power of (a)
1900 W, (b) 2000 W, (c) 2100 W, (d) 2400 W, (e) 2600 W, and (f) 3000 W.
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while a 15 % increase takes place at 2100 W with a further rise of up to
64 %, 79 %, and 179 % when the CF/PEEK samples are respectively
heated with 2400 W, 2600 W, and 3000 W. This is attributed to the
thermal degradation that occurs on the surface of these samples. Hence,
the results clearly demonstrate the greater extent of thermal degradation
on the surface of CF/PEEK heated with increased laser powers. There-
fore, the surface roughness of a sample’s heat-heated region could serve
for characterising the extent of thermal damage after laser heating, and
overall, correlating the resulting surface roughness with the extent of
thermal degradation would be an interesting future investigation. This
methodology could also be relevant for studies that aim to identify the
resulting HAZ boundaries in several high-temperature applications of
CFRPs (e.g. laser cutting, composites machining).

6. Conclusions

The present work introduced a numerical framework that employs
an extrapolation approach to examine the response of CFRPs at extreme
heating rates. The results showed that the model captures the effect of
the heating rate on the decomposition of the examined material.
Considering that the material properties are a function of the decom-
position degree a, this ensures a more realistic representation of the
material properties throughout the simulation compared to other
methodologies that do not account for the heating rate effect.

To demonstrate the applicability of the model, a laser heating case
study of CF/PEEK was examined and the process window that can
achieve high-temperature processing without triggering the thermal
degradation of the PEEK matrix was defined for both a Gaussian and a
top-hat laser beam. To validate the model and the applied extrapolation
approach, an experimental investigation also took place where the laser-
heated samples were examined with ATR-FTIR, OM, and their surface
roughness was also assessed.

The results showed that measuring the surface roughness could serve
as a method for characterising the extent of thermal degradation that
takes place in laser-heated and heat-affected CFRPs. Additionally, a very
good agreement was found between the experimental and the numerical
investigations and both analyses captured a similar critical laser power
that first triggers the thermal degradation of CF/PEEK in the examined
case study. This is an important finding, since it provides evidence for
the first that the applied extrapolation approach manages to capture the
onset of thermal degradation in the extreme heating conditions that take
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place in laser heating.

Therefore, the proposed model is a solid numerical strategy for
examining the response of CFRPs at extreme heating rates, and it could
be used to examine the response of a range of FRPs at these conditions
with several matrix and reinforcement systems. Especially in high-
temperature applications where thermal degradation could occur, the
model could be employed to identify the processing conditions that
would prevent these damage mechanisms. For example, it could be a
useful tool to studies that aim to minimise the extent of the resulting
HAZ in several high-temperature applications of FRPs, such as com-
posite/metal laser joining, composite machining, and induction
welding.
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