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In this study, a methodology is proposed that can identify and characterise the extent of thermal degradation that
takes place in rapid high-temperature processing of PEEK and CF-PEEK. Initially, their decomposition mecha-
nisms are examined in air with thermogravimetric analysis (TGA). Then, PEEK and CF-PEEK samples are heated
in static air conditions up to temperatures that are close to and above the onset of thermal degradation with
heating rates up to 100 °C/min. The samples are then examined with attenuated total reflection - Fourier
transform infrared (ATR-FTIR) spectroscopy and a new fluorenone peak is detected at 1711 cm™ that is directly
linked with the progress of degradation. A correlation between its intensity and the resulting thermal degra-
dation takes place and it is shown that the 1711 cm™ peak can be safely used as a tool for characterising the
extent of thermal degradation at the examined heating conditions. Finally, an investigation with differential
scanning calorimetry (DSC) is conducted to identify the extent of thermal degradation that would not induce a
severe thermal damage on the two materials. In both PEEK and CF-PEEK, faster heating rates are found to have a
reduced effect on their crystallinity content and a degradation around 1% of their PEEK matrix content is found

tolerable.

1. Introduction

Poly-ether-ether-ketone (PEEK) is a semi-crystalline polymer with
good mechanical properties and a desirable combination of high
chemical resistance and thermal stability [1]. It was firstly produced by
DuPont laboratories and Imperial Chemical Industries (ICI) in the early
1960s [2] and comparing to other polymers, it has an enhanced thermal
degradation resistance due to the stable aromatic backbone that com-
prises the bulk of its monomer unit [3]. Moreover, with a continuous use
temperature of 270 °C and a melting point around 343 °C [4], PEEK is
commonly used as a polymer matrix in applications where high tem-
peratures are applied. In addition, its carbon fibre (CF) reinforced
composites have a significantly high stiffness to weight ratio that makes
them an ideal candidate for replacing metallic elements in the aerospace
industry [5]. As a matter of fact, CF-PEEK composites can be found in
several structures of an aircraft such as access panels, floor panels and
wing flaps [6]. Furthermore, CF-PEEK’s excellent thermal and chemical
properties have made it a strong candidate for applications where harsh

thermo-chemical environments exist such as the region close to the
aircraft engine [7]. Therefore, an important amount of ongoing research
currently focuses on the response of PEEK and CF-PEEK at high tem-
peratures and oxidative environments and investigates their
thermo-oxidative degradation mechanisms [1,7-10].

Most of the studies that have examined PEEK’s and CF-PEEK’s
response to these conditions have focused on the degradation of the
material after long-time heating [3,7,9,11,12]. A number of studies have
examined PEEK’s degradation in short processing cycles (<5 min) [1,10,
13] and a few studies have also examined CF-PEEK’s degradation in the
conditions experienced in laser-assisted tape placement (LATP) [8,14]
and laser heating [15]. Considering PEEK’s and CF-PEEK’s wide appli-
cation in processes where rapid high-temperature processing is applied,
it is important to further examine their response in these conditions.

Overall, PEEK and CF-PEEK can be reworked and reprocessed at
temperatures around 400 °C and an even further temperature increase
locally (e.g. with laser heating) can lead to even faster processing cycles
[1,15]. One of the issues that can arise when PEEK and CF-PEEK are
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processed with rapid high-temperature processing is the activation of
their degradation mechanisms. Thermal degradation initially induces a
rapid viscosity increase that can impact the processability of the mate-
rials [16,17]. At higher temperatures, the viscosity increase is followed
by weight loss due to thermal degradation. This can affect PEEK’s and
CF-PEEK’s post-processing integrity by deteriorating their mechanical
properties and by reducing their service time [8,15]. As a matter of fact,
thermal degradation has been identified as one of the main damage
mechanisms in several applications of composites where rapid
high-temperature processing is applied such as induction welding [18,
19], composite-metal laser joining [20-23] and composites machining
[24-28].

The two main parameters that affect PEEK’s and CF-PEEK’s thermal
degradation in these applications are the reached temperatures and the
dwell time at these temperatures [8]. When fast heating is applied
though, the exact combination of reached temperatures and dwell time
that would not induce a thermal damage on the materials is not easily
defined and has not been extensively studied yet. However, considering
that thermal degradation is a significant damage mechanism in several
applications of PEEK and CF-PEEK, it is important to be able to detect its
occurrence after applying rapid high-temperature processing. Therefore,
in this study a methodology is proposed that can detect the event of
thermal degradation in PEEK and CF-PEEK and it can also characterise
its extent in rapid high-temperature processing.

Initially, PEEK’s and CF-PEEK’s decomposition is examined with
thermogravimetric analysis (TGA) in an air atmosphere with heating
rates up to 100 °C/min and the main degradation mechanisms that take
place are highlighted. Then, PEEK and CF-PEEK samples are heated with
5, 20, 50 and 100 °C/min up to temperatures that are below the onset of
degradation and temperatures that result up to a maximum mass loss of
15% and 6.7% respectively. The partially degraded samples are then
examined with attenuated total reflection - Fourier transform infrared
(ATR-FTIR) spectroscopy and a new peak is detected at 1711 cm’! that is
directly linked with the process of degradation. It is shown that the in-
tensity of the 1711 em™ peak can be used as a valid tool for detecting
and characterising the extent of thermal degradation that takes place in
both PEEK and CF-PEEK after a heating process where rapid high-
temperature processing is applied. In addition, to assess the effect of
the thermally induced damage on the crystallinity content of the two
materials the thermally degraded samples are examined with differen-
tial scanning calorimetry (DSC). Through this process, the extent of
thermal degradation that does not significantly affect the degree of
crystallinity (DOC) of PEEK and CF-PEEK is identified in an attempt to
further define the materials’ thermal limits in rapid high-temperature
processing. In both the materials, a degradation around 1% of their
PEEK content is found tolerable and does not impact their DOC. Finally,
the effect of the applied heating rate is also assessed and it is shown that
faster heating rates affect the DOC of PEEK and CF-PEEK to a lesser
extent.

2. Materials and methods
2.1. Materials

The PEEK samples are provided by Engineering & Design Plastics
Ltd., Cambridge, UK and have a density equal to 1.3g/cm® and a glass
transition temperature (Tg) equal to 145 °C + 0.7 °C. After a DSC
assessment, the material’s initial crystallinity content is equal to 43.7%
+ 0.4% and its melting point (Ty,) is found at 342.7 °C £ 1.8 °C. The CF-
PEEK samples are obtained from a CF-PEEK laminate produced at TWI
Ltd., Cambridge, UK. The bulk laminate was manufactured with ther-
moplastic unidirectional (TPUD) prepregs provided by Teijin Limited.
These prepregs (Tenax® -E TPUD PEEK-HTS45) have a PEEK matrix
content of 34% of the overall weight and utilise Tenax®-E HTS45 CFs
[29]. From the DSC investigation, the reinforced material was found to
have a T equal to 140.3 & 0.8 °C, a Ty, around 340.3 °C £ 0.2°Cand a
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DOC equal to 34.7% + 0.6%.
2.2. Methods

Various heating programs are applied to examine the response of
PEEK and CF-PEEK in slower and faster high-temperature processing.
Initially, PEEK’s and CF-PEEK’s degradation mechanisms are examined
with TGA in a 50 ml/min airflow with heating rates up to 100 °C/min.
Then, PEEK and CF-PEEK samples are heated in static air conditions with
several heating rates up to temperatures close to and above the onset of
thermal degradation. In particular, samples are heated up to tempera-
tures between 460 °C and 600 °C with heating rates of 5, 20, 50 and 100
°C/min. To identify the resulting level of degradation, the mass of each
sample is measured before and after the applied heating programs.
Then, the partially degraded samples are examined with ATR-FTIR and
DSC.

2.2.1. TGA

The thermal degradation of PEEK and CF-PEEK is initially examined
with TGA in an air atmosphere. The examined PEEK samples have an
initial mass of 7.6 + 0.6 mg and the examined CF-PEEK samples have an
initial mass of 7.2 + 1 mg. A calibrated TGA 2 thermogravimetry from
Mettler Toledo is used and initially an isothermal segment at 30 °C is
applied in each heating program for 10 min. Then, each sample is heated
in an airflow of 50 ml/min up to a maximum of 1130 °C with an applied
heating rate of 5, 20, 50 and 100 °C/min.

2.2.2. ATR-FTIR

In this study, a Nicolet iS50 FTIR spectrometer operating with the
built-in diamond ATR from Thermo Fischer Scientific Inc. is used and the
accumulated spectra are post-processed in OriginLab® software. All the
spectra are collected from 4000 to 600 cm™ with a resolution of 4 cm™
and a total of 128 scans. Three samples are examined for each heating
program and five different measurements take place for each sample. In
general, ATR-FTIR spectroscopy can detect the changes of the molecular
structure that occur in the material’s surface and is a useful technique
for following the spectral changes that occur in PEEK and CF-PEEK upon
thermal degradation [15]. However, the intensity of the spectra in each
measurement depends on the contact area between the specimen and
the prism, which can vary between different measurements. Therefore,
further processing is required to ensure the physical significance of the
accumulated spectra in the molecular level [30]. Hence, to proceed to a
valid comparative study the accumulated spectra are baseline-corrected
and normalised to one distinct peak. In our study, the phenyl ring
stretching peak at 1593 cm™ was the strongest upon degradation and is
therefore used as the normalisation reference.

2.2.3. DSC

The PEEK and CF-PEEK samples that have been partially degraded in
static air conditions with the four examined heating rates are then run in
a DSC device (Perkin Elmer DSC 4000) according to the following
program:

e 20 °C - 360 °C with a heating rate of 10 °C/min (hold for 10 min);
e 360 °C - 20 °C with a cooling rate of 10 °C/min (hold for 10 min);
e 20 °C - 400 °C with a heating rate of 10 °C/min.

The heat-cool-heat analysis takes place in a nitrogen atmosphere (20
ml/min) and the examined partially degraded PEEK and CF-PEEK
samples have a mass between 10-15 mg and 19-25 mg respectively.
Through this analysis, the effect of thermal degradation on the Ty, Tc, Tg
and the DOC of PEEK and CF-PEEK is examined. To calculate the DOC of
the examined samples, the second heating curve is analysed and Eq. (1)
is used.
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AH,
DOC(%) = 1
f

(1 —£)x100 €h)

In Eq. (1), AH,, is the enthalpy of fusion at the melting point as
measured by the area under the endothermic melting peak of the second
heating cycle. Moreover, AH; is the enthalpy of fusion of the fully
crystalline PEEK which is equal to 130 J/g [38]. Finally, f stands for the
sample’s fibre content by weight which in our case is 66% (0.66) for
CF-PEEK and zero for the pure PEEK.

3. Results and discussion
3.1. Thermogravimetric analysis

The conducted TGA experiments of PEEK and CF-PEEK in a 50 ml/
min airflow with the applied heating rates of 5, 20, 50 and 100 °C/min
are presented in Fig. 1a and Fig. 1b respectively. Overall, the decom-
position of both PEEK and CF-PEEK in an air atmosphere is a two-step
process and chain scission and crosslinking are the suggested mecha-
nisms that occur upon the thermal degradation of PEEK and CF-PEEK [1,
8,9,39].

The initial mechanism that takes place at the first step is the break-
down of the ketone and ether bonds of PEEK’s monomer unit [7,40,41].
Then, during the second step the carbonaceous char that has been
formed is oxidised resulting to the main products of the materials’
decomposition which are CO, CO, phenols and aromatic ethers [39].
Comparing the decomposition behaviour of the two materials (Fig. 1), it
is evident that the the CF enhances the thermal stability of PEEK [3]. For
instance, for the samples heated with 5 °C/min the temperature where
the 5% of the mass is lost (Tos) is equal to 549 °C in PEEK (Fig. 1a) and
555 °C in CF-PEEK (Fig. 1b). This difference is more significant for the
samples heated with 100 °C/min where Togs, is equal to 597 °C in PEEK
(Fig. 1a) and 615 °C in CF-PEEK (Fig. 1b). The above observations
outline that the reinforced material is more thermally stable and they
also show that the decomposition of PEEK and CF-PEEK in air offsets at
higher temperatures at increased heating rates [39,42].

Another interesting observation can be made about the mass content
that is decomposed during the first decomposition step. A mass content
between 30% and 42% is lost during the first decomposition step in pure
PEEK at the examined heating rates. Interestingly, an important mass
loss is found to take place in a small temperature window (detail of
Fig. 1a). Indicatively, the PEEK sample that has been heated with 5 °C/
min loses 25% of its mass between 549 °C and 580 °C. On the other
hand, the reinforced material loses approximately 10%-13% of its initial
mass during the first decomposition step (detail of Fig. 1b). Neverthe-
less, the latter percentage refers mostly to the PEEK matrix content that
predominantly decomposes during the first decomposition step of CF-
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PEEK.

To demonstrate the above, pure CF bundles of an initial mass around
8.1 mg are examined with TGA in a 50 ml/min airflow and in static air
conditions with a heating rate of 5 °C/min (Fig. 2). As a matter of fact,
the detail of Fig. 2 shows that in a 50 ml/min airflow the fibres start
oxidising around 450 °C and have lost less than 2% of their mass up to
565 °C where the first decomposition step of CF-PEEK terminates when
heated with 5 °C/min (detail of Fig. 1b). This observation outlines that it
is the PEEK matrix content that is mostly affected during CF-PEEK’s first
decomposition step while the reinforcement remains relatively intact.
Therefore, considering that the examined CF-PEEK samples have an
initial PEEK mass content of 34% and 10%-13% of their initial mass is
decomposed during the first decomposition step it is evident that a
similar amount of PEEK content is actually decomposed at the pure and
the reinforced material. Overall, the analysis shows that around 1/3 of
PEEK’s and CF-PEEK’s initial PEEK mass content is lost during their first
decomposition step in the examined air environment. In addtion, it is
interesting to notice that the CF bundles examined in static air condi-
tions also lost 1.2% of their initial mass up to 450 °C and an additional
1% up to 1000 °C (Fig. 2). The above demonstrates that the CF remains
relatively intact in static air conditions as well. Finally, the 1.2% mass
loss that occurs up to 450 °C in both the examined heating conditions
(Fig. 2) is attributed to the decomposition of the organic-based sizing
compound that takes place at the CFs under these conditions [43,44].

To conclude the TGA investigation, the effect of the heating rate on
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Fig. 2. TGA results of pure CFs in a 50 ml/min airflow and in static air con-
ditions with a heating rate of 5 °C/min and detail of the results up to a 95%
remaining mass (temperature window: 0-600°C).
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the second decomposition step of PEEK and CF-PEEK is outlined. First of
all, Fig. 1a shows that PEEK’s decomposition terminates around 675 °C
at a heating rate of 5 °C/min, while at 100 °C/min the decomposition is
complete at temperatures above 1100 °C. Similarly, in CF-PEEK full
decomposition occurs around 740 °C with a heating rate of 5 °C/min,
while there is still a 18% of remaining mass at 1130 °C when a heating
rate of 100 °C/min is applied (Fig. 1b). The above also outlines that the
CF improves the thermal stability of the polymeric material. In addition,
it is evident that faster heating rates offset the end of the second
decomposition step at higher temperatures for both PEEK and CF-PEEK.
As previously discussed, the oxidation of the carbonaceous char that has
been previously formed takes place during the second decomposition
step [39]. Therefore, considering that at higher heating rates there is
lesser available time for the oxygen to diffuse into the material the
oxidation mechanisms of the second decomposition step take place in a
wider temperature window as the heating rate increases. The above
explains why the temperature range where full decomposition occurs
increases for both PEEK and CF-PEEK in faster heating rates.

In summary, the TGA investigation highlights the main degradation
mechanisms that occur in pure and CF reinforced PEEK in an air at-
mosphere and illustrates their response in slower and faster heating
rates. In both the examined materials, a two-step decomposition process
occurs and chain scission and crosslinking mechanisms mainly take
place during the first decomposition step, while in the second decom-
position step the formed carbonaceous char is oxidised. Moreover, the
analysis shows that the reinforced material is more thermally stable than
the pure PEEK. Finally, the onset of thermal degradation that results in
mass loss occurs at temperatures around 500 °C (Fig. 1). Nevertheless, it
should be noted that the thermal degradation mechanisms initiate at
lower temperatures where the materials’ self-nucleation is not yet sup-
pressed [45,46]. Several studies have used rheology characterisation
techniques to examine the thermal degradation of PEEK before the event
of mass loss [12,16,45]. They have also identified that upon PEEK’s
thermal degradation chain scission initially occurs followed by rapid
branching reactions that ultimately lead to crosslinking [45].

3.2. ATR-FTIR

To establish a thermal degradation assessment methodology in rapid
high-temperature processing of PEEK and CF-PEEK, samples that went
through several heating programs in static air conditions with heating
rates of 5, 20, 50 and 100 °C/min are examined with ATR-FTIR. Spe-
cifically, partially degraded PEEK samples that have lost 0.5%, 1.2%, 4%
and 15% of their initial mass and partially degraded CF-PEEK samples
that have lost 0.25%, 0.6%, 1.7% and 6.7% of their initial mass are
examined. Through this process, the spectral changes that occur in PEEK
and CF-PEEK with the progress of thermal degradation are detected. In
addition, a methodology is proposed for assessing the extent of thermal
degradation that occurs in PEEK and CF-PEEK in applications where
rapid high-temperature processing is applied. Initially, before present-
ing the results of this investigation, the infrared spectrum of the as-
received pure PEEK is presented and discussed.

3.2.1. The infrared spectrum of as-received PEEK

The spectrum of PEEK has been examined and discussed by several
researchers in the public domain literature [47-49]. It is the chemical
repeat unit of PEEK that leads to its enhanced thermal stability [39]
(Fig. 3). Additionally, the characteristic spectrum of pure PEEK is also
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Fig. 3. The chemical repeat unit of PEEK.
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presented in the spectral region between 1800-600 cm! (Fig. 4). Similar
spectra are identified at PEEK and CF-PEEK and overall the peaks in their
spectra are assigned according to the various groups of PEEK’s chemical
repeat unit (Fig. 3).

In the infrared spectrum of PEEK and CF-PEEK the carbonyl region is
found between 1800 and 1600 cm™!, the ether and the ester region is
found between 1350 and 1100 cm™ and the aromatic hydrogens are
found below 900 cm™ [1]. The significant spectral features are the
carbonyl peak at 1653 cm~!, the phenyl ring stretching bands at 1593
cm™!, 1486 cm™! and 1410 cm™ and the bending motion of the group
(C-C(=0)-C) at 1305 cm™. Moreover, at 1277 cm!, 1216 cm™ and
1185 cm™ the asymmetric stretching of the diphenyl ether group is
identified. Finally, between 1200-600 cm™ phenyl ring C-H de-
formations are mainly found in the spectra of PEEK [30,50].

3.2.2. The effect of thermal degradation on PEEK’s and CF-PEEK’s infrared
spectrum

To identify the spectral changes that occur upon thermal degrada-
tion, PEEK and CF-PEEK samples that have surpassed the melting stage
without having reached though the onset of degradation are examined
as well as samples that have experienced a maximum mass loss of 15%
and 6.7% respectively. Furthermore, to examine the response of the
materials in slower and faster heating the examined PEEK and CF-PEEK
samples were partially degraded with a heating rate of 5, 20, 50 and 100
°C/min. The examined PEEK and CF-PEEK samples showed the same
response and similar spectral changes were identified with the progress
of thermal degradation in the examined heating rates. These changes are
mainly a result of the chain scission and the crosslinking mechanisms
that take place upon the thermal degradation of PEEK and CF-PEEK in an
air environment [8,39,51]. First of all, between 4000 and 1800 cm™!,
limited spectral changes are noticed and mainly an increase in the in-
tensity of the non-aromatic hydrogen carbon bonds at 3064, 2923 and
2851 cm! is identified. Those changes are attributed to the degradation
of the fragmented phenyl rings that result from the chain scission that
occurs in the monomer of PEEK with the applied heating [15].

On the other hand, significant spectral changes are found in the
frequency ranges between 1800 and 600 cm™ (Fig. 5). In Fig. 5, the first
two arrows indicate the existence of two new peaks at 1711 cm™! and at
1452 cm’. Moreover, the growth of a shoulder is detected in the high
frequency side of the ether peak at 1216 cm™ as well as changes at the
diphenylether bonds around 1110 cm'!. Finally, changes at the intensity
ratio between the 966 cm™ and the 952 em™ are noticed with degra-
dation as well as changes at the aromatic rings around 850 cm’
(Table 1). To provide a greater amount of information, the spectral re-
gions between 1800-1350 cm™ and between 1350 and 600 cm™ are
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Fig. 4. FTIR spectra of pure PEEK between 1800-600 cm™! (baseline-corrected
and normalised to 1593 cm™).
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Fig. 5. Spectral changes that occur at a) PEEK and b) CF-PEEK upon thermal degradation when heated with 50 °C/min up to a 0.5%, 1.2%, 4%, 15% and a 0.25%,

0.6%, 1.7%, 6.7% mass loss respectively (1800-600 cm™).

Table 1
Main spectral changes identified in PEEK and CF-PEEK upon thermal degrada-
tion at 1800-600 cm™.

Wavenumber Spectral changes upon thermal degradation (1800-600 cm ')
(em™)
1711, 1452 Formation of a new fluorenone peak
1253 Growth of a shoulder in the high-frequency side of the ether
peak at 1216 cm ™!
1100 Changes in the diphenylether bonds
966, 952 Changes in the intensity ratio of the two bands
863, 841 Changes in the aromatic rings

presented in detail in Figs. 6 and 7 respectively.

In both the examined materials, the most evident change is the
development of a new peak in the carbonyl region and particularly at
1711 cm™ (Fig. 6). This new peak whose intensity gets stronger as
degradation progresses is also found in recent studies that examined the
thermal aging of PEEK [7] and its response to ion irradiation [30]. It is
attributed to the formation of a fluorenone-type structure as a degra-
dation product. It was firstly mentioned in the studies of Cole et al.,
where PEEK and CF-PEEK samples were exposed to isothermal heating
in the range of 400-485 °C for a maximum duration of 480 min [50,52].
Furthermore, the second new peak at 1452 cm™ also enhances its
identification as a fluorenone-type structure especially after considering
that the simple compound 9-fluorenone has its carbonyl absorption at
1715 cm’! and a strong peak near 1450 cm [50]. Finally, the
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fluorenone’s formation mechanism is presented in Fig. 8 which illus-
trates the cyclization of the diradical that takes place in PEEK and
CF-PEEK upon the event of thermal degradation [50].

It should also be mentioned that in studies where PEEK’s response is
examined at lower temperatures and long-time heating, another peak is
also detected at 1739 cm’l. This peak has been attributed to the for-
mation of phenyl benzoate, which overall requires the presence of ox-
ygen to form [7]. In our study though, where rapid high-temperature
processing is applied there is not sufficient time for the diffusion of
oxygen that would result in the formation of phenyl benzoate. There-
fore, fluorenone is the major product in the carbonyl region of PEEK and
CF-PEEK (Fig. 6). The above observation also agrees with the results of
Cole et al. that identified the predominance of phenyl benzoate over
fluorenone at lower temperatures (< 400 °C) and longer heating and the
inverse behaviour when higher temperatures were applied for a shorter
duration [50].

In Fig. 7, the spectral changes that occur upon the thermal degra-
dation of PEEK and CF-PEEK are displayed in the spectral region be-
tween 1350-600 cm™. First of all, in the examined spectral region the
ester and ether region is found (1350-1100 cm'l) where the main bands
are the bending motion of the group (C-C(=0)-C) at 1305 cm™! and the
asymmetric stretching of the diphenyl ether group at 1277 cm™!, 1216
cm ! and 1185 em'l. In addition, in the spectral region between 1100-
600 cm™! phenyl ring C-H deformations are mainly identified. The major
bands of this region are the C-H in-plane deformation band at 1010
cm™!, the diphenyl ketone band at 925 cm™!, two overlapping broad
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Fig. 6. Spectral changes that occur at a) PEEK and b) CF-PEEK upon thermal degradation when heated with 50 °C/min up to a 0.5%, 1.2%, 4%, 15% and a 0.25%,

0.6%, 1.7%, 6.7% mass loss respectively (1800-1350 em™).
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Fig. 8. The formation mechanism of fluorenone - Cyclization of the diradical.

bands at 863 and 841 cm™ (aromatic hydrogens) and a band at 765 cm™
[30].

The effect of thermal degradation does not lead to the formation of
any new peaks in that region. Nonetheless, significant spectral changes
are identified which have been attributed to the crosslinking mecha-
nisms that take place at PEEK’s aromatic ring with the applied high-
temperature processing [1,30]. As shown in Fig. 7, in the ester and
ether region a growth of a shoulder in the 1253 cm™ peak takes place
around 1216 cm! and changes in the diphenylether bonds around 1100
cm™ are observed. Finally, between 1100-600 cm™ changes in the
overlapping broad bands of the aromatic hydrogens at 863 cm™ and 841
cm™ are noticed as well as changes in the intensity ratio of the 963 cm™!
and 952 cm’! bands (Fig. 7). Interestingly, Chalmers et al. have found
that the 963/952 cm™ intensity ratio is a linear function of PEEK’s
crystallinity [46,49]. In our case study, changes of this intensity ratio
were more evident in CF-PEEK, but in both the materials the 963/952
cm! intensity ratio was found to decrease with the progress of thermal
degradation. Considering that the materials become more amorphous
upon thermal degradation and their crystallinity content reduces, these
findings agree with the observations of Chalmers et al. Nevertheless, to
examine the effect of thermal degradation on the crystallinity of PEEK
and CF-PEEK a DSC analysis takes place in the second part of this study.

In summary, the described spectral changes that are highlighted in
PEEK and CF-PEEK in the spectral region between 1800-600 cm™ are
identified in all of the examined heating rates with the progress of
degradation. °One of the significant spectral changes is the formation of
the new fluorenone peak in 1711 cm™. This peak could be of consider-
able significance for the research community especially after consid-
ering that its intensity is found to increase with the progress of thermal
degradation. To provide a thorough investigation on the above, a cor-
relation between the extent of degradation that occurs in PEEK and CF-
PEEK and the 1711 cm™! peak’s intensity takes place below.

3.2.3. A correlation between the 1711 cm’! peak’s intensity and the
resulting extent of thermal degradation
The fluorenone peak that develops in the carbonyl region has also

been observed in studies that examined PEEK and CF-PEEK subject to
long-time heating [7,50,52]. Its formation around 1711 em’! is attrib-
uted to a fluorenone-type structure and, overall, its development has
been associated with the process of degradation [14]. Nevertheless, its
applicability as a tool for characterising the extent of thermal degrada-
tion that occurs in PEEK and CF-PEEK after rapid high-temperature
processing has not been examined yet. Therefore, in this study the
development of the fluorenone peak at faster and slower heating rates is
examined and its applicability as a degradation characterisation tool is
assessed. It has already been shown that its intensity increases with
thermal degradation at the PEEK and CF-PEEK samples that are partially
degraded with a heating rate of 50 °C/min (Fig. 6). To demonstrate the
described association in all of the examined heating rates, fluorenone’s
development at the examined PEEK and CF-PEEK samples that have
been heated upon thermal degradation with 5, 20 and 100 °C/min is also
presented in Fig. 9 and Fig. 10 respectively. Through this process, the
applicability of the 1711 cm™® peak’s intensity as a thermal degradation
detection and characterisation tool in rapid high-temperature process-
ing of PEEK and CF-PEEK is demonstrated. Moreover, its advantageous
use in studies that aim to optimise rapid high-temperature applications
of PEEK and CF-PEEK is highlighted.

To begin with, the spectra presented in Figs. 9 and 10 have also been
baseline-corrected and normalised to the 1593 cm™ peak. The results
show that a similar behaviour takes place at the examined heating rates
and the intensity of the 1711 cm! peak increases with thermal degra-
dation in both PEEK and CF-PEEK. Interestingly, the peak starts to
develop when 0.5% of PEEK’s initial mass is lost and it is profound when
the mass loss surpasses 1% (Fig. 9). Similarly, its formation has initiated
in the CF-PEEK samples that have lost 0.25% of their initial mass and is
clearly evident when the samples have degraded by 0.6% (Fig. 10).
Taken together, the analysis shows that in both the materials its devel-
opment is directly linked with the onset of thermal degradation in all the
examined heating rates. Therefore, it could consist a valid detection
criterion for identifying which processing conditions slightly trigger the
degradation mechanisms of PEEK and CF-PEEK in rapid high-
temperature processing.

In addition, the significant increase that is identified in the peak’s
intensity as degradation progresses, clearly demonstrates its association
with thermal degradation. To outline the above, the average value and
standard deviation of fluorenone’s intensity is presented for the PEEK
and CF-PEEK samples that are heated with the examined heating rates
upon the examined mass loss percentages (Fig. 11). As previously
mentioned, three samples are examined for each heating program and
five different measurements take place for each sample and the accu-
mulated spectra are baseline-corrected and normalised to the 1593 cm’!
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Fig. 10. The development of the 1711 ecm™ peak in CF-PEEK samples heated in static air conditions with 5, 20, 50 and 100 °C/min up to a resulting mass loss of

0.25%, 0.6%, 1.7% and 6.7%.

peak.

In Fig. 1la, the 1711 em’? peak’s average intensity across the
examined heating rates is 0.019, 0.042, 0.12 and 0.217 for a mass loss of
0.5%, 1.2%, 4% and 15% respectively. Despite the significantly different
dwell time that the samples experience at temperatures above PEEK’s
melting point, the resulting intensity is found similar across the exam-
ined heating rates at each one of the examined mass loss percentages.
Interestingly, clear regions are found and no overlapping is noticed
between the applied heating rates even at levels of degradation that are
in close proximity with each other (e.g. 0.5% and 1.2%). The above
findings demonstrate that the peak’s intensity could be used for

identifying the approximate extent of the resulting thermal degradation
in PEEK after an applied heating process with heating rates up to 100 °C/
min.

Likewise, in Fig. 11b no overlapping is noticed in CF-PEEK across the
different mass loss percentages at the examined heating rates. In CF-
PEEK, the average intensity of the 1711 cm™ peak is around 0.039,
0.085, 0.167 and 0.275 for a mass loss of 0.25%, 0.6%, 1.7% and 6.7%
respectively. The fact that fluorenone’s development in CF-PEEK takes
place in a similar manner in slower and faster heating, also demonstrates
its applicability as a tool for detecting and characterising the extent of
CF-PEEK’s thermal degradation when it is processed with rapid high-
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Fig. 11. Average intensity and standard deviation of the 1711 cm™ peak, when
0.5%, 1.2%, 4%, 15% and b) 0.25%, 0.6%, 1.7%, 6.7% respectively.

temperature processing.

The above analysis highlights the correlation that exists between the
1711 em! peak’s intensity and the thermal degradation that takes place
in PEEK and CF-PEEK in static air conditions. A similar behaviour is
identified in both the materials and in all the examined heating rates.
This demonstrates the capability of using the 1711 ecm™ peak’s intensity
for detecting and characterising the extent of thermal damage that can
take place in applications of PEEK and CF-PEEK where fast heating is
applied. The above could consist a significant tool for the research
community and the industry especially for optimising high-temperature
applications of PEEK and CF-PEEK where rapid high-temperature pro-
cessing is applied. For instance, it could be used for detecting the pro-
cessing conditions that would not induce a significant thermal damage
in PEEK and CF-PEEK, further defining therefore the materials’ optimum
process window in these applications. Taken together, to facilitate the
use of the 1711 em™! peak’s intensity as a detection and characterisation
tool, its intensity values in the heating programs of this study are
gathered in Table 2.

3.2.4. Activation energy of the 1711 cm’! peak’s formation mechanism in
PEEK and CF-PEEK

To further examine the 1711 cm™ peak’s formation mechanism in
the applied static air conditions, its activation energy in both PEEK and
CF-PEEK is calculated. Through this process, the effect of the rein-
forcement on the fluorenone’s formation rate is examined. To begin
with, to calculate the activation energy of the 1711 cm™ peak’s forma-
tion mechanism several PEEK samples are isothermally heated at 430,
460 and 490 °C for exposure times that vary between 10 and 120 min
(Fig. 12). In Fig. 12a, the 1711 cm™ peak’s intensity normalised to the

Table 2
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PEEK and CF-PEEK are heated with 5, 20, 50 and 100 °C/min upon a mass loss of: a)

1593 cm™! peak is shown as a function of the exposure time when heated
at 430, 460 and 490 °C. In Fig. 12a, the slope of each line represents the
fluorenone’s growth rate in each temperature and in Fig. 12b the
Arrhenius plot of fluorenone’s growth rate is presented. The activation
energy of fluorenone is found to be 218.1 kJ/mol in pure PEEK when it is
heated in static air conditions. The above value is close to the value
found by Cole et al. that also examined PEEK samples in air with similar
heating conditions [50].

To calculate the activation energy of the fluorenone’s formation
mechanism in CF-PEEK, a process similar to the one for PEEK takes
place. In particular, several CF-PEEK samples are heated at 430, 460 and
490 °C for exposure times that vary between 10 and 120 min. In Fig. 13a,
the 1711 em™ peak’s intensity normalised to the 1593 cm™ peak is
shown as a function of the exposure time for the three examined tem-
peratures and in Fig. 13b the Arrhenius plot of the fluorenone’s growth
rate is presented. Through this process, the activation energy of the
1711 em™! peak’s formation mechanism is found to be 207.7 kJ/mol in
CF-PEEK, which is also similar to the value defined by Cole et al. for
APC-2 laminates heated in an air atmosphere [52]. Taken together, a
slightly lower activation energy is found in CF-PEEK and overall the
analysis captures a similar fluorenone’s growth rate in the pure and the
reinforced material.

3.2.5. A comparison between the 1711 cm’! peak’s intensity in thermally
degraded PEEK and CF-PEEK

In Fig. 11, it is shown that the 1711 cm™ peak’s intensity in CF-PEEK
was greater in significantly lower mass loss percentages than in pure
PEEK. Indicatively, the average intensity of the 1711 cm™! peak is around
0.275 in the CF-PEEK samples with a 6.7% mass loss. On the other hand,

The 1711 m’! peak’s intensity in PEEK and CF-PEEK after being heated with 5, 20, 50, 100 °C/min up to the examined mass loss percentages and average intensity per

mass loss percentage across the examined heating rates.

PEEK
Mass loss Heating rate Average intensity
5 °C/min 20 °C/min 50 °C/min 100 °C/min
0.5% 0.023+ 0.0025 0.015+ 0.0025 0.016+0.0023 0.020+ 0.0029 0.019+0.0037
1.2% 0.050-+ 0.0125 0.038+ 0.0119 0.047+0.0175 0.034-+ 0.0085 0.042:+0.0077
4.0% 0.121+ 0.0247 0.111+ 0.0259 0.123+ 0.0221 0.126-+ 0.0242 0.120£0.0067
15% 0.225+ 0.0293 0.225+ 0.0283 0.216+ 0.0258 0.201+ 0.0169 0.217+0.0112
CF-PEEK
Mass loss Heating rate Average intensity
5 °C/min 20 °C/min 50 °C/min 100 °C/min
0.25% 0.035+ 0.0092 0.043+ 0.0060 0.044+ 0.0078 0.037+ 0.0027 0.040+0.004
0.6% 0.081:£0.0069 0.090-£0.0075 0.087+0.0139 0.084:£0.0062 0.085:+0.004
1.7% 0.171+0.0124 0.163+0.0069 0.164+0.0142 0.168+0.0145 0.167+0.004
6.7% 0.265+0.0236 0.286+0.0145 0.283+0.0149 0.267+0.0225 0.275+ 0.011
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Fig. 12. a) Growth of the 1711 em™ peak in PEEK as a function of the exposure time at 430, 460 and 490 °C and b) Arrhenius plot of the 1711 cm™ peak’s growth
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Fig. 13. a) Growth of the 1711 cm™ peak in CF-PEEK as a function of the exposure time at 430, 460 and 490 °C and b) Arrhenius plot of the 1711 cm™! peak’s growth

rate when CF-PEEK is heated in static air conditions.

in the PEEK samples with a 15% mass loss the average 1711 cm! peak’s
intensity is around 0.217 across the four examined heating rates
(Table 2). To explain the observed difference, it should be highlighted
once again that at the examined temperatures it is the PEEK matrix
content of the reinforced material that is mostly affected in static air
conditions while the CFs remain relatively intact (Fig. 2). As shown in
Fig. 2, the mass loss that occurs in the CF in static air conditions is mostly
due to the degradation of its organic-based sizing compound [43,44].
Hence, the resulting mass loss in the examined CF-PEEK samples mostly
refers to the amount of their decomposed PEEK matrix content. For
instance, in the samples that lost 6.7% of their initial mass less than 1%
would be due to the decomposed sizing agent and around 6% would be
due to the decomposed PEEK matrix content. The latter is approximately
the 17.5% of the overall PEEK content of the examined CF-PEEK sam-
ples. Therefore, this explains why higher values of the 1711 cm™ peak’s
intensity are captured in significantly lower levels of CF-PEEK’s
degradation.

Considering the above, to accurately use the 1711 cm™ peak’s in-
tensity for characterising the extent of CF-PEEK’s thermal degradation,
the V¢ of the examined CF-PEEK sample should be considered. To make
things clearer, the same heating conditions would result in a different
extent of degradation in CF-PEEK samples with different fibre volume
fractions. Therefore, it would be recommended to use the 1711 em™
peak’s intensity that is found in pure PEEK as a tool for characterising
the extent of thermal degradation in CF-PEEK, by taking also into ac-
count the sample’s V; and the decomposition of the CF’s sizing agent.

This approach would reduce the implications that exist when reinforced
samples with different fibre contents and sizing agents are examined. It
would therefore further establish the intensity of the fluorenone peak as
a universal tool for assessing the thermal degradation of both PEEK and
CF-PEEK when rapid high-temperature processing is applied.

3.3. Differential scanning calorimetry

It is long recognised that the mechanical properties of semi-
crystalline polymers like PEEK are highly dependent on the polymer’s
DOC [31-35]. In general, a higher crystallinity content of the polymeric
material leads to improved mechanical properties [33,36,37]. An
important parameter that affects the crystallinity content of PEEK and
CF-PEEK in high-temperature processing is the applied cooling rate. It is
the slower cooling that favours the formation of crystalline morphology
at semi-crystalline polymers like PEEK [33]. At fast manufacturing
technologies though, like LATP applications [35], pultrusion [53] or
induction heating [18] high temperatures are applied for a short amount
of time and the processed materials are then commonly let to naturally
cool down to room temperature [54]. Therefore, natural cooling takes
place in the examined PEEK and CF-PEEK samples of this study and to
further assess the effect of rapid high-temperature processing on PEEK
and CF-PEEK the partially degraded samples are examined with DSC.
Through this investigation, the extent of thermal degradation that does
not severely affect the crystallinity content of PEEK and CF-PEEK and
consequently would not severely deteriorate their mechanical properties



D. Gaitanelis et al.

is examined. In addition, the effect of the applied heating rate is also
assessed and PEEK’s and CF-PEEK’s overall response at slower and faster
heating is investigated.

In Fig. 14, it is shown that the endothermic melting peak (Tp,) and
the exothermic crystallisation peak (T.) of PEEK shift to lower temper-
atures as degradation progresses. Moreover, the overall melting and
crystallization process takes place in a wider temperature window with
the progress of thermal degradation. The above are particularly evident
in the PEEK samples that have lost 0.5%, 1.2% and 4% of their initial
mass. In the samples that have lost 15% of their mass no melting and
crystallisation peaks are identified. This demonstrates that PEEK has
become completely amorphous in that mass loss percentage. In addition,
the area under the endothermic and the exothermic peaks reduces upon
thermal degradation which shows that the material’s crystallinity con-
tent also reduces. This tendency is captured in all of the examined
heating rates and a similar behaviour is identified in CF-PEEK as well. In
Fig. 15, the T, and T, of CF-PEEK also shift to lower temperatures with
the progress of thermal degradation and the area under the two peaks
reduces as well. The latter demonstrates that the amorphous content of
the material increases with the progress of thermal degradation. As a
matter of fact, in all the examined heating rates a mass loss of 1.7% and
6.7% resulted in completely amorphous CF-PEEK samples and no
melting and crystallisation peaks were found in these samples (Fig. 15).

3.3.1. The effect of thermal degradation on the Ty, T, and T, of PEEK and
CF-PEEK

The progress of thermal degradation had the same effect on the Ty,
T and Ty of PEEK and CF-PEEK in all of the examined heating rates. The
Tm and T. of PEEK (Fig. 16) and of CF-PEEK (Fig. 17) shift to lower
temperatures with the progress of thermal degradation. On the other
hand, the Ty of the examined PEEK and CF-PEEK samples increases as
the thermal degradation progresses (Fig. 18). The observed shift of
PEEK’s and CF-PEEK’s melting points to lower temperatures together
with the increase in their glass transition temperature is a result of the
crosslinking mechanisms that take place in PEEK and CF-PEEK upon the
event of thermal degradation [1]. When crosslinking takes place, the
polymer backbones are getting tied together and therefore the materials’
molecular mobility reduces. Consequently, the resulting lack of molec-
ular mobility decreases the amount of energy that is required for the
melting to take place. Hence, the higher crosslinking density shifts
PEEK’s and CF-PEEK’s Ty, to lower temperatures and also shifts their
transition to the rubbery state at higher temperatures as well (increase of
Ty).
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3.3.2. The effect of thermal degradation on the crystallinity content of
PEEK and CF-PEEK

To conclude the DSC analysis, the effect of thermal degradation on
PEEK’s and CF-PEEK’s crystallinity content is examined. As described in
Section 2.2.3, to calculate the DOC of the examined samples the area
under the endothermic melting peak of the second heating curve is
calculated and is then used in Eq. (1). The results of the analysis are
presented in Fig. 19 and the effect of thermal degradation on PEEK’s and
CF-PEEK’s crystallinity content is illustrated when the materials are
partially degraded with the four examined heating rates of this study.

In Fig. 19, it is shown that thermal degradation reduces the DOC of
PEEK and CF-PEEK in all of the examined heating rates. As previously
mentioned, the PEEK samples with a 15% mass loss and the CF-PEEK
samples with a 1.7% and a 6.7% mass loss are completely amorphous
and therefore they are not included in the results of Fig. 19. The
observed reduction in the crystallinity content of PEEK and CF-PEEK
was also indicated from the reduced area under PEEK’s and CF-PEEK’s
endothermic melting peaks in Fig. 14a and Fig. 15a respectively. As
mentioned above, the crosslinking mechanisms that take place upon the
thermal degradation of PEEK and CF-PEEK reduce their molecular
mobility. This deteriorates the capability of the materials to rearrange
their molecules in a structural order during the cooling process. There-
fore, a higher level of degradation results in a more amorphous PEEK
and CF-PEEK with less desirable mechanical properties.

Interestingly though, the crystallinity content of the PEEK samples
that experience a 0.5% and 1.2% mass loss remains in similar levels with
the crystallinity content of the virgin material (Fig. 19a). A similar
behaviour is also identified in the CF-PEEK samples that experience a
0.25% mass loss (Fig. 19b). Moreover, the above observations are more
evident in the samples that are heated with faster heating rates. Hence,
the analysis shows that the effect of thermal degradation on the DOC of
PEEK and CF-PEEK reduces as the heating rate increases. For instance,
the PEEK and CF-PEEK samples that are partially degraded with a
heating rate equal to 5 °C/min are the ones with the greatest reduction
in their crystallinity content. On the other hand, the samples that are
heated with 50 and 100 °C/min show the highest DOC in all of the
examined mass loss percentages.

From the above analysis two main conclusions can be made. First of
all, it is shown that a level of degradation close to 1% for PEEK and
around 0.25% for CF-PEEK does not severely impact their crystallinity
content. Considering though that the 0.25% of CF-PEEK’s decomposed
mass mostly refers to its decomposed PEEK matrix content (Fig. 2), this
percentage consists approximately the 0.85% of the reinforced sample’s
overall PEEK content. Therefore, both the investigations of Fig. 19
indicate that a degradation around 1% of the materials’ PEEK content
could be considered acceptable as far as their DOC is concerned. In
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Fig. 14. DSC thermograms of a) the second heating cycle and b) the cooling cycle for the virgin PEEK and the PEEK samples that have lost 0.5%, 1.2%, 4% and 15%

of their initial mass (heating rate: 100 °C/min).
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Fig. 17. a) T, and b) T, of CF-PEEK as degradation progresses for the heating rates of 5, 20, 50 and 100 °C/min.

addition, in both PEEK and CF-PEEK an increased heating rate has a
reduced effect on their DOC. This has to do with the time-dependency of
the crosslinking mechanisms that take place upon thermal degradation.
For instance, by increasing the heating rate from 5 °C/min to 100 °C/
min the dwell time that the PEEK and CF-PEEK samples remain above
their melting temperatures reduces by 20 times. Therefore, the reduced
amount of time that the materials remain at high temperatures when

11

higher heating rates are applied has a smaller effect on their crystallinity
content. This is the main reason that the faster heating rates affect the
DOC of PEEK and CF-PEEK to a lesser extent when the materials are
heated upon thermal degradation (Fig. 19). To conclude the analysis, the
Tm, Tg, Tc and the DOC of the examined PEEK and CF-PEEK samples are
presented in Table 3 and Table 4 respectively.
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Table 3
Tm, Tg, Tc and DOC of virgin PEEK and of partially degraded PEEK when heated with heating rates of 5, 20, 50 and 100 °C/min.
Virgin PEEK Tm: 342.7 °C T,: 145°C Tc: 298.05 °C DOC: 43.7%
Mass loss 5 °C/min 20 °C/min
Tm (C) T, (C) T. Q) DOC (%) T (CC) T, Q) T. Q) DOC (%)
0.5% 334.3 148.09 289.2 37.7 337 146.8 291.9 38.3
1.2% 328.7 149.6 283 34.6 332.8 148.3 288.6 35.3
4% 296.1 150.1 234.5 16.3 305 149.3 228.5 20.6
15%" - 173.6 - - - 170.4 - -
Mass loss 50 °C/min 100 *C/min
Tm CC) Tg CC) T. (O DOC (%) T Q) T Q) T. Q) DOC (%)
0.5% 337.02 146.3 292.2 39.1 339.17 147 292.2 40.1
1.2% 330.6 148.1 287.2 37.9 332.2 148.3 289.1 38.4
4% 296.9 149.2 231.1 21.9 307.4 150.6 284.6 22.2
15%" - 173.7 - - - 160.9 - -

*: Amorphous material.

4. Conclusions

This study provides a thorough investigation on the thermal degra-
dation of PEEK and CF-PEEK in rapid high-temperature processing.
Importantly, it establishes the 1711 cm™! peak’s intensity as a universal
tool for detecting and characterising the extent of thermal degradation
that occurs in the materials in the examined heating conditions. This can
be a significant contribution to studies that aim to define the optimum
process window of PEEK and CF-PEEK, since it provides a tool that can
detect which processing conditions can reach high temperatures without

inducing a severe thermal damage on PEEK and CF-PEEK in rapid high-
temperature processing.

In addition, the analysis assesses the consequences of inducing a
small-level thermal damage on the crystallinity content of PEEK and CF-
PEEK. Therefore, it contributes to further defining their thermal limits in
rapid high-temperature processing. Interestingly, a decomposition
around 1% of the materials’ PEEK content does not significantly affect
PEEK’s and CF-PEEK’s DOC and could be considered tolerable as far as
their crystallinity content is concerned. Furthermore, it is found that
increased heating rates affect to a lesser extent the DOC of the materials.
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Table 4
Tm, Tg, Tc and DOC of virgin CF-PEEK and of partially degraded CF-PEEK when heated with heating rates of 5, 20, 50 and 100 °C/min.
Virgin CF-PEEK Ty 140.3°C Te:292.3°C DOC: 34.7%
Mass loss 5 °C/min 20 *C/min
Tm Q) T, (C) T, (C) DOC (%) Tm (CC) T, Q) T. (°C) DOC (%)
0.25% 332.8 143.9 283.7 29.5 334.8 149.6 285.7 31.5
0.6% 316 152.7 257.5 25.1 318.5 150.6 255 25.6
1.7%" - 186.7 - - - 157.8 - -
6.7%" 3 B } B } B
Mass loss 50 °C/min 100 *C/min
Tm (C) T, (C) T, Q) DOC (%) T (CC) T, C) T, °C) DOC (%)
0.25% 333.6 147.2 277.7 32.5 337.1 144.2 287 33.9
0.6% 321.3 155 257.8 26.5 331.6 149 273.3 27
1.7%" - 182.2 - - - 157.6 - -
6.7%" . . R . - R .
*: Amorphous material.
**: Glass transition curve not detectable with the conducted DSC investigation.
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