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ABSTRACT

The present work studies the thermal degradation of laser-heated poly-ether-ether-ketone (PEEK) as the heating
duration increases. Its damage morphology, chemical composition, crystallinity content, and mechanical prop-
erties are examined with optical microscopy, attenuated total reflection-Fourier transform infrared spectroscopy,
differential scanning calorimetry, Raman spectroscopy, and continuous stiffness measurement nanoindentation.
The applicability of those methods in detecting the thermal degradation of laser-heated PEEK and assessing the
induced thermal damage is highlighted. Results show that short-time laser heating acts as an annealing process
that improves the crystallinity and hardness on the affected surface of PEEK by up to 5.1% and 10.8% respec-
tively. With a further increase in the heating duration, surface carbonisation occurs and a char layer is formed.
Surface carbonisation is associated with the thermal limits of PEEK in laser heating decreasing by up to 50% its
hardness and by 45% its indentation modulus. Finally, the char layer is found to act as a shielding mechanism
that protects the bulk PEEK from the applied thermal load, resulting in mostly superficial thermally induced

damage.

1. Introduction

The growing implementation of high-power lasers in composites
manufacturing has increased the interest of industry and academia in
the laser heating of poly-ether-ether-ketone (PEEK) and of carbon fibre
(CF) reinforced PEEK [1-5]. Applications of CF/PEEK where continuous
wave (CW) lasers are used, such as laser-assisted tape placement (LATP),
are increasingly studied to enhance its use in the aerospace industry
[1-3,6-11]. Furthermore, in medical applications laser surface texturing
is commonly applied, to improve the adhesive bonding properties
and/or tailor the wettability of pure PEEK [12]. Usually, pulsed laser
heating of up to a few ns is employed in these applications to modify the
surface of PEEK [13-20].

Despite the growing use of laser heating in PEEK and CF/PEEK, there
is currently a lack of studies examining their thermal degradation
mechanisms in these conditions. Most works have focused on the
degradation of PEEK after thermal ageing [21,22] or long-time heating
[23-25]. Recently, research groups have examined its response in rapid
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high-temperature processing [26] and in processing cycles that are
shorter than 5 min [27]. A few studies have been reported that examined
the thermal degradation of laser-heated PEEK [28], and there is little
work that has highlighted suitable techniques for detecting and assess-
ing the induced thermal damage in these conditions [29]. However,
short-time laser heating of a few ms could benefit the laser applications
of PEEK especially when it is accompanied by high power densities.
Studies have shown that an increased laser irradiance for a shorter
amount of time results in a lower mass loss than in applications where
laser processing of lower heating rates is involved [30,31]. These pro-
cessing conditions could increase the temperatures reached by the ma-
terial without inducing significant thermal damage on its surface and
could thus further expand the process window of PEEK in laser pro-
cessing. Therefore, it is important to investigate the thermal limits of
PEEK in short-time laser heating of a few ms with increased power
densities.

One of the main challenges in these conditions is to measure
experimentally the resulting temperatures [26,32]. Additionally, even if
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the exact temperatures are captured they cannot necessarily answer
whether thermal damage is induced in the material. Considering the
extreme heating rates that are applied, the smaller amount of time that
the polymer would remain at elevated temperatures might not be suf-
ficient to trigger the thermal degradation mechanisms of laser-heated
PEEK. To be able to answer that, it is important to employ suitable
degradation detection techniques that could assess the thermal damage
that occurs in laser-heated PEEK.

To do so, a multi-technique and multi-scale analysis takes place to
examine the response of PEEK in laser heating. PEEK samples are laser
heated with a Gaussian beam of a 5mm spot diameter, a power of
600W, and a heating duration that varies between 1 ms and 14 ms.
Several experimental methods are applied to examine the damage
morphology, chemical composition, crystallinity content, and mechan-
ical properties of laser-heated PEEK. Optical microscopy (OM) in-
vestigates the thermal damage formation pattern as the applied heating
duration increases. Attenuated total reflection - Fourier transform
infrared spectroscopy (ATR-FTIR) identifies the spectral changes that
occur on laser-heated PEEK, and the 1305/1280 cm™! IR bands intensity
ratio is examined to assess its crystallinity content [33]. Raman spec-
troscopy and differential scanning calorimetry (DSC) also assess the
crystallinity of PEEK at the micro- and bulk material level respectively,
and continuous stiffness measurement (CSM) nanoindentation in-
vestigates the laser heating effect on its mechanical properties. Through
this process, the degradation mechanisms that occur in laser-heated
PEEK are thoroughly examined, and a methodology is introduced that
can detect whether the applied laser heating induces thermal damage on
the surface of PEEK or it improves its superficial properties. This study’s
examined material and applied methods are described in Section 2. In
Section 3, the results of each investigation are presented and discussed,
and the main conclusions are gathered in Section 4.

2. Materials and methods
2.1. Examined material and laser experiment

The examined PEEK samples have a thickness of 0.5 mm and their
density is equal to 1.3 g/cm®. They are supplied by Engineering &
Design Plastics Ltd., Cambridge, UK and have a glass transition tem-
perature (Tg) of 147°C + 0.1°C and a melting point (T;;) equal to
338.7°C £ 0.07 °C. The laser heating experiment takes place with an IPG
YLS-5000 CW fiber laser with a maximum power of 5000 W and a
wavelength of 1070nm. A focal length of 160 mm is used and the
defocus distance is equal to +42mm, so the nominal spot diameter
would equal 5 mm. The defocused beam is similar to a Gaussian distri-
bution and can be best approximated by a frustum shape [34], and in
this work, the PEEK samples are heated with a laser power equal to
600 W for a heating duration that varies between 1 ms and 14 ms. Recent
investigations have identified that PEEK does not strongly absorb the
laser heat flux at 1070 nm [35]. Nevertheless, this study aims to un-
derstand the thermal degradation of PEEK at extreme heating rates and
short exposure times, and introduce an experimental methodology that
can be relevant for a range of applications where these processing
conditions are used (e.g. induction heating [36]). Therefore, an inves-
tigation into the optimisation of the laser beam and the amount of en-
ergy absorbed by the polymer was not part of the study.

2.2. Methods

2.2.1. Optical microscopy

To examine the effect of the applied laser heating on the surface and
through the thickness of PEEK, the laser-heated PEEK samples are
examined with OM. An Olympus Optical Microscope is used, equipped
with a set of available magnification lenses of 2.5x, 5x, 10x, 20, and
50x. Through this process, the thermally affected area of each sample is
identified and the critical regions where the nanoindentation and
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Raman spectroscopy measurements take place are detected.

2.2.2. ATR-FTIR

To identify the spectral changes that occur in laser-heated PEEK, a
Nicolet iS50 FTIR spectrometer provided by Thermo Fischer Scientific
Inc. is used, equipped with a built-in diamond ATR. A resolution of
4 cm™! is applied and the accumulated spectra are collected from 4000
to 600 cm~! with 128 scans. Each sample is examined five times, and the
spectra are baseline-corrected and normalised to the phenyl ring
stretching peak at 1593 cm™!, which was the strongest at the examined
heating conditions. Through this process, the main degradation mech-
anisms are identified as the heating duration increases.

In addition, the intensity ratio of the 1305/1280 cm~! IR bands is
examined. Chalmers et al. were the first research group that correlated
the 1305/1280 cm™! intensity ratio of PEEK with its degree of crystal-
linity (DOC) [33,37,38]. Since then, a number of studies have used this
method to examine the DOC of PEEK after an applied thermal treatment
[12,39,40]. Regis et al. examined the crystallinity of PEEK after an
annealing treatment with both the 1305/1280 cm™! intensity ratio and
DSC and they also identified a good agreement between the two
methods [39]. Recently, it has been used for assessing the DOC of PEEK
after femtosecond laser processing [40] and after laser treatment that
aimed to improve its tribological performance under seawater lubrica-
tion [12]. Likewise, to identify the crystallinity of laser-heated PEEK as
the heating duration increases, the 1305/1280 cm™! intensity ratio is
examined according to the ASTM F2778-2009 standard [41], where

DOC(%) = {W} x 100 1)

In Eq. 1, Hy is the intensity of the carbonyl linkages peak found at
1305 cm™!, while H;p is the intensity of the diphenyl ether groups peak
located at 1280 cm™~! [12].

2.2.3. Differential scanning calorimetry

The laser-heated region of the PEEK samples that are heated with
600 W and a heating duration between 1 ms and 14 ms is examined with
DSC (Perkin Elmer DSC 4000) in a nitrogen atmosphere (20 ml/min).
The examined specimens have a mass between 10-15 mg and are heated
from 20 °C to 360 °C at a heating rate of 10 °C/min.

2.2.4. Raman spectroscopy

A number of studies have identified a correlation between the Raman
spectra and the DOC of PEEK [42-49]. Doumeng et al. thoroughly
examined the crystallinity of PEEK with Raman spectroscopy, density,
DSC, and X-ray Diffraction (XRD). They found that Raman spectroscopy
had the best correlation with the results of density, which is the most
accurate method for assessing the DOC of PEEK [42]. Out of 18 exam-
ined indicators, the 1146/1595cm™! intensity ratio, and the
1644/1651 cm™! intensity and area ratios agreed above 80% with the
results of density, while the best correlation was achieved by the
1651 cm ! band shift (92%) [42]. This band translates towards a lower
wavenumber up to 10 cm™! as the DOC of PEEK increases [42], which
was also captured in the study of Everall et al. that similarly identified a
good correlation between their Raman spectroscopy and XRD in-
vestigations (94%) [46]. Considering these findings, Raman spectros-
copy could serve for assessing the crystallinity content of PEEK after
laser heating. Previously, it has been used to examine its DOC after
tribological tests [45], but so far it has not been applied for assessing the
crystallinity changes in laser-heated PEEK. Hence, Raman spectroscopy
is employed in this study and a Horiba LabRAM HR 800 confocal
spectrometer is used with a 1800 lines/mm holographic grating and a
helium-neon laser emitting at 633 nm. A magnification of 100x is
applied at the Raman measurements with a spot diameter of 1 pm and a
spectral resolution of 3cm™!. To proceed to a localised crystallinity
assessment, 20 accumulations take place in each examined region for an
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acquisition time of 1 s and 25% of the maximum laser power which was
equal to 7.6 mW.

2.2.5. Nanoindentation

Nanoindentation is a non-destructive experimental technique that
can investigate the material’s mechanical properties at both the micro-
and the nano-scale [50]. Since the early 2000s, it has been increasingly
used to examine the properties of polymers and composites [51-56].
Especially CSM nanoindentation has increased applicability in polymer
matrix composites (PMCs) [22,50-52,57]. It allows the continuous
measurement of the material’s hardness and contact stiffness and can
also capture their variation as a function of the indentation depth. It has
been employed to examine the mechanical properties of PEEK after
annealing thermal treatment [39,58], and long-time heating [22], but
no studies have been reported that used nanoindentation to examine the
mechanical properties of laser-heated PEEK.

To do so, an Agilent G200 CSM nanoindenter equipped with a three-
sided Berkovich pyramidal tip is used in this work, and the loading-
unloading cycles are performed at the University of Limerick (UL),
Ireland. An average of 65 + 15 indentations take place in the thermally
affected region of each sample with an indentation strain rate equal to
0.05 1/s and an indentation depth of 2000 nm. This depth ensures the
validity of the method which can be highly sensitive to tip blunting, size-
scale effects, and surface roughness phenomena at shallow indentation
depths [54,59]. Besides the primary load, a simultaneous oscillating
sinusoidal force is applied during CSM nanoindentation which in this
work has a frequency of 45 Hz and an amplitude of 2nm. Taken
together, to capture the material’s hardness H as a function of the
indentation depth, Eq. 2 is used:

=1 @

where the load of the indenter tip P is divided by the projected contact
area A., which is calculated using the Oliver and Pharr method [60] as
expressed by

A, = 24512 + C k! + G2 + G+ L Ch/ 1 €)

In Eq. 3, A, is a function of the contact depth h, while the constants
C; to Cg are obtained during the calibration process and account for any
deviations that might exist between the applied and the ideal tip ge-
ometry [50,58]. CSM nanoindentation can also capture the elastic
modulus E of the indented material, which is first related to the reduced
modulus E, as shown by
1 1-2 1-v

E-E i @

where E; and v; are the indenter’s elastic modulus and Poisson’s ratio
and E and v, are the elastic modulus and the Poisson’s ratio of the
sample. The reduced modulus E, expresses the simultaneous elastic
deformation of both the indenter and the indented sample and is also
linked with the contact stiffness S with

S |z
E =—, |—
=\ )

where A, is the projected contact area (Eq. 3) and A is a correction factor
proposed by Hay et al. [59] equal to 1.034 when a Berkovich tip is used
[58]. In the standard nanoindentation mode, the contact stiffness S
equals the slope of the unloading curve at the beginning of the unloading
cycle. On the other hand, CSM nanoindentation continuously captures
the deviation of S as a function of the indentation depth. This capability
can prevent the depth-dependent effects that usually add incorrect bias
or scatter to the unloading contact stiffness S of the polymeric materials
and is beneficial for measuring the properties of polymers and PMCs
[50]. Altogether, to calculate the contact stiffness S with CSM

Polymer Degradation and Stability 211 (2023) 110282

nanoindentation

1 1
= %cos(qﬁ) — (K, — mw?) - ff 6)

is applied, where P, is the oscillatory force amplitude and hg is the
oscillatory displacement amplitude, while @ and ¢ represent the oscil-
lation frequency and the phase angle between the load and the
displacement respectively [61]. K; and Ky are the support spring and the
load frame stiffness of the instrument, and m is the mass of the indenter.
In all, after combining Eq. 3, Eq. 4, Eq. 5, and Eq. 6 the elastic modulus E
of the indented material is obtained with CSM nanoindentation as a
function of the indentation depth.

3. Results and discussion
3.1. Optical microscopy

It is interesting to describe the damage formation pattern that is
observed in laser-heated PEEK as the heating duration increases (Fig. 1).
First, thermally affected regions of a small area are sporadically found
on the surface of PEEK at 1 ms (Fig. 1a). Increasing the heating duration
to 2 ms increases the number of these damage regions and a grainy
superficial region is also formed that acts as a connecting element be-
tween them (Fig. 1b). An even further increase, results in a more uni-
form and coherent superficial damage region, which gets visible to the
naked eye for a heating duration > 4 ms (Fig. 1c - Fig. 1f). Furthermore,
as expected, increasing the heating duration increases the extent of the
thermally affected region on the surface of PEEK. This is shown in Fig. 2,
which illustrates a global view of the samples heated with 2 ms and 6 ms.
Nevertheless, the cross-sectional view of the 14 ms sample shows that
even at 14 ms the heat-affected zone is close to the heated surface and
the inner part remains mostly unaffected (Fig. 2c). This is attributed to
the carbonaceous char layer that is formed on the surface of PEEK. Its
formation is captured with ATR-FTIR that detects the occurrence of
surface carbonisation at a heating duration > 4 ms (Fig. 3). Finally, the
observed shielding effect is corroborated by the nanoindentation results
which show that the formed char layer limits the mechanical properties
deterioration on the surface of the laser-heated PEEK (Section 3.5.2).

3.2. ATR-FTIR

3.2.1. Captured spectral changes and degradation mechanisms in laser-
heated PEEK

The main spectral changes that occur in laser-heated PEEK are within
the 1800 - 600 cm™ spectral region (Fig. 3) and a detailed description
can be found in Table 1. In Fig. 3, the first two arrows at 1711 cm ! and
at 1452 cm™! indicate the formation of a new fluorenone peak. Recently,
its intensity has been correlated with the extent of thermal degradation
that occurs in PEEK and CF/PEEK after rapid high-temperature pro-
cessing [26], and its development in laser-heated PEEK is also indicative
of thermal degradation (Fig. 3). The changes in the 1305,/1280 cm~! and
966,952 cm™! intensity ratios demonstrate changes in the crystallinity
content of PEEK [33,62], and the detected shoulder at 1253 cm~! and
the variations around 1110 cm™! show that chain scission and cross-
linking mechanisms take place [27,63] (Fig. 3, Table 1). Finally, the
reduction in the aromatic C-H peaks around 835cm™!, 766 cm™! and
673 cm™! highlights the occurrence of surface carbonisation in the
laser-heated samples [12], which agrees with the OM results where a
char layer is captured for a heating duration > 4 ms (Fig. 1).

Altogether, ATR-FTIR detects chain scission, crosslinking mecha-
nisms, and surface carbonisation on the surface of laser-heated PEEK,
and the observed spectral changes are found more significant as the
heating duration increases (Fig. 3). These spectral changes are first
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Fig. 1. Thermal damage on the surface of PEEK, when laser heated with a Gaussian beam of a 5 mm diameter, a power of 600 W, and a heating duration of a) 1 ms, b)

2 ms, ¢) 4 ms, d) 6 ms, €) 10 ms, and f) 14 ms.

noticed in the 4 ms sample, while the spectra of the samples heated for 1
ms and 2 ms are similar to the spectra of the as-received PEEK. This is
because ATR-FTIR examines a wider surface, and therefore - being
governed by scale-related issues - it cannot detect the occurrence of
thermal degradation despite the small area thermal damage induced
(Fig. 1a, Fig. 1b). To address this issue, localised measurements with
micro-FTIR or Raman spectroscopy are recommended and Raman
spectroscopy is applied in this study to assess the surface of these sam-
ples (Section 3.4.2).

3.2.2. The degree of crystallinity in laser-heated PEEK after capturing the
1305/1280 cm™! intensity ratio

To investigate the effect of laser heating on the DOC of PEEK, the
intensity ratio of the 1305/1280cm™! IR bands is examined, and a
decrease is noticed in the samples heated for a heating duration > 4 ms
compared to virgin PEEK (Fig. 4). Opposite to that, the 1 ms and 2 ms
samples show a slight increase in their 1305,/1280 cm ™! intensity ratios
(Table 2). These findings indicate a more significant crystalline
morphology in the samples heated for 1 ms and 2 ms, and a reduced
crystallinity content for a duration > 4 ms compared to virgin PEEK
[33]. This is clearly shown in Fig. 4c, where the DOC of PEEK is calcu-
lated after applying Eq. 1. The captured DOC increase at 1 ms and 2 ms is
attributed to recrystallisation phenomena that take place [28], which

shows that short-time laser heating operates as an annealing process
when the reached temperatures surpass the material’s T, but do not yet
reach the onset of thermal degradation. A further increase in the heating
duration (> 4 ms) triggers the degradation mechanisms and leads to
surface carbonisation (Fig. 1, Fig. 3). This significantly impacts the
crystallinity of PEEK which reaches a plateau of around 11% (Fig. 4).
Consequently, the analysis shows that surface carbonisation is associ-
ated with the thermal limits of laser-heated PEEK, and its detection with
ATR-FTIR could be a quick method for identifying the critical processing
conditions of PEEK in laser heating.

3.3. Differential scanning calorimetry

The DSC thermograms of the laser-heated PEEK samples are found
similar to that of virgin PEEK and significant changes are not identified
(Fig. 5). A slight increase is mainly noted in the T, of PEEK with the
applied laser heating. Likewise, the area under the endothermic melting
peak is in a range of similar values which indicates that the DOC of PEEK
has not been affected by the applied laser heating (Fig. 5). Nonetheless,
the whole sample’s thickness is examined with DSC and thus both heat-
affected region and bulk material are examined. Therefore, since the
resulting thermal damage is mostly superficial (Fig. 2c) DSC inevitably
neglects it. This is the main reason that this method cannot capture
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Fig. 2. Global view of the thermal damage on the surface of PEEK when laser heated with a) 2 ms, and b) 6 ms & thermal damage in the through-thickness direction

of the sample heated with 14 ms: c¢) global view, and d) detail.
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Fig. 3. IR spectra of virgin and laser-heated PEEK with a Gaussian beam of a
5 mm diameter, a power of 600 W, and a heating duration of 4 ms and 14 ms.

significant changes in the laser-heated PEEK samples of this study. To
counteract this issue, micro-cutting methods should be employed that
would allow the individual evaluation of the thermally affected region.
Neverheless, a cold crystallisation peak is found at around 175°C,

Table 1

despite the underpinning scale-related issues. This peak indicates an
increased amorphous content in the laser-heated PEEK samples, which -
after going through a recrystallisation process during the DSC runs -
results in the formed cold crystallisation peak (Fig. 5). It starts devel-
oping at 4 ms and it is clearly evident when a heating duration > 6 ms is
applied (Fig. 5). Interestingly, these findings agree with the OM inves-
tigation that captures coherent thermal damage at 4 ms (Fig. 1c), and
significant thermal damage for a heating duration > 6 ms (Fig. 1d -
Fig. 1f).

3.4. Raman spectroscopy

3.4.1. Changes in the Raman spectra of PEEK upon laser heating

In Fig. 6, the Raman spectra of virgin PEEK and of the laser-heated
PEEK samples for 4 ms and 14 ms are presented. The strongest peak in
the 1100 - 1700 cm™! region is at 1146 cm™! which is associated with
the C-O-C stretching mode of PEEK, while the weakest peak is at
1202 cm™! that is assigned to its anti-symmetric C-O-C stretching mode
[47]. The characteristic peaks at 1595 cm~! and 1608 cm~! correspond
to the phenyl ring vibrations, while the 1644 cm~! band is assigned to
the C==O0 stretching [47]. Several research groups have divided the
1644 cm™! peak into two different bands at 1644 cm~! and 1651 cm™!,
which correspond to the C==0 stretching of the crystalline and of the
amorphous PEEK respectively [42-45]. Considering that the strongest
peak at 1146 cm™! is strongly related to changes in crystallinity, the
second strongest peak at 1595 cm™! peak is used as the normalisation
reference in this analysis [45] and three main changes are identified in

Spectral changes noted at PEEK after laser heating with a Gaussian beam of a 5 mm diameter, a power of 600 W,

and a heating duration up to 14 ms.

Wavenumber Observed spectral changes upon short-time laser heating

(em™) (1800 - 600 cm ™)

1711, 1452 Formation of a new fluorenone peak

1305, 1280 Changes in the intensity ratio of the two bands (indicative of changes in crystallinity)
1253 Growth of a shoulder in the high-frequency side of the ether peak at 1216 cm™*

1100 Changes in the diphenylether bonds

966, 951 Changes in the intensity ratio of the two bands (indicative of changes in crystallinity)

863, 835, 766, 673

Changes in the aromatic rings
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1280 cm ™! & c) degree of crystallinity (average value and standard deviation).
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Fig. 5. DSC thermograms of virgin and laser-heated PEEK with a Gaussian
beam of a 5mm diameter, a power of 600 W, and a heating duration up to
14 ms.

the Raman spectra of PEEK upon laser heating (Fig. 6).

First, the C==0 stretching peak shifts from 1644 cm~! at the virgin
material towards 1653 cm~! and 1655 cm ™! at the samples heated for 4
ms and 14 ms respectively. These wavenumbers are associated with the
amorphous region of PEEK, which shows that the applied laser heating

1

>

3.0 —
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R — 4ms
25, : ——14ms
i i
2 20 i i| 1146 cmt
2 : ; 1644 cm-",
£ i i 1651 cm!
= 1 1
c 151 : !
(1] F 1
£ ; i
) ; i
104 i
| B
0.5
0.0 e AT NPl
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1500

1600 1700

Raman shift (cm™)

Fig. 6. Raman spectra of virgin and laser-heated PEEK with a Gaussian beam of
a 5 mm diameter, a power of 600 W, and a heating duration of 4 ms and 14 ms.

reduces the crystallinity content on its surface [42,46], with a higher
reduction at the sample heated for 14 ms (1655 cm™'). Likewise, the
decrease in the 1595/1608 cm™! intensity ratio is also representative of
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Fig. 7. Localised Raman measurements in the small-area thermal damage of the laser-heated PEEK samples with a Gaussian beam of a 5 mm diameter, a power of
600 W, and a heating duration of a) 1 ms, and b) 2 ms & their corresponding Raman spectra: ¢) 1146,/1595 em! intensity ratio, d) 1644 cm ! band shift.

a lower crystallinity content in the laser-heated samples [42,43,48,49],
and this is also the case with the observed increase in the
1146/1595 cm ™! intensity ratio, which is also stronger in the 14 ms
sample (Fig. 6) [42,49,64]. Notably, these results agree with the
ATR-FTIR analysis, where the intensity ratio of the 1305,/1280 cm™! IR
bands also captured a decrease in the DOC of PEEK after the applied
laser heating of 4 ms and 14 ms.

3.4.2. Using Raman spectroscopy to locally assess the small-area thermal
damage of laser-heated PEEK

Fig. 7 presents the localised measurements that take place with
Raman spectroscopy for assessing the thermally affected region of the
PEEK samples heated for 1 ms and 2 ms. In these samples, a small-area
thermal damage is induced with the applied laser heating (Fig. 1) that
cannot be evaluated with ATR-FTIR or DSC due to scale-related issues.
Therefore, to proceed to a valid crystallinity assessment Raman spec-
troscopy is applied and the 1651 cm~! band shift and the 1146/
1595 cm™! intensity ratio are examined (Fig. 7c, Fig. 7d). Similarly to
Fig. 6, a slight increase in the 1146/1595 cm™! intensity ratio is iden-
tified at the samples heated for 1 ms and 2 ms compared to virgin PEEK
(Fig. 7¢). Furthermore, the C==0 stretching peak shifts from 1644 cm ™!
towards 1649 cm™! and 1652cm™! (Fig. 7d). These changes show a
decrease in the crystallinity content of PEEK in the small-area thermal
damage of these samples. Taken together, opposite to ATR-FTIR and
DSC, Raman spectroscopy is suitable for assessing the crystallinity
content of PEEK in cases where small-area thermal damage is induced.
This is one of the main benefits of this approach, especially in applica-
tions where laser heating is involved and the processing conditions that
would activate the thermal degradation mechanisms of PEEK cannot be
easily defined. Raman spectroscopy could be a significant tool in these

applications for further assessing the thermal limits of PEEK.

3.5. Nanoindentation

3.5.1. Properties of virgin (as-received) PEEK and applied methodology
Similarly to Raman spectroscopy, nanoindentation can carry local-
ised measurements on the surface of PEEK and is suitable for examining
the mechanical properties of the laser-heated samples. It can be effec-
tively used for assessing the small-area thermal damage in the 1 ms and
2 ms samples and it can also accurately assess the more significant and
coherent thermal damage that occurs in PEEK for a longer heating
duration (Fig. 1). First, to derive the properties of virgin PEEK three
samples are examined and 120 indentations take place on their exam-
ined regions. Fig. 8 illustrates the hardness and the indentation modulus
of the virgin (as-received) PEEK as a function of the indentation depth
and the analysis captures an average hardness of 0.28 GPa + 0.03 GPa
and an average indentation modulus of 3.98 GPa + 0.28 GPa. After
assessing the properties of the as-received PEEK, the effect of the applied
laser heating on its mechanical properties is examined. Each sample is
tested with an average of 65 indentations, and to illustrate the process,
examples of indented locations are presented in Fig. 9. Overall, to cap-
ture the most significant thermal effect on each sample, localised mea-
surements around the thermally induced damage take place.

3.5.2. The shielding mechanism of the char layer

Fig. 10 displays the average hardness and indentation modulus of the
samples heated for 1 ms and 12 ms together with the properties of virgin
PEEK. The 12 ms sample is severely affected at shallow indentation
depths (close to the surface), while both its hardness and indentation
modulus increase as the indentation depth increases. For example, the
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Fig. 8. a) Hardness and b) indentation modulus of the virgin (as-received) PEEK as a function of the indentation depth (average values and standard deviation).

Fig. 9. Examples of indented locations at the thermally affected area of the laser-heated PEEK samples with a Gaussian beam of a 5 mm diameter, a power of 600 W,

and a heating duration of a) 1 ms, b-¢) 2 ms, and d) 4 ms.

indentation modulus is approximately 34% of the modulus of virgin
PEEK at 100 nm and it has already reached 76% at 1950 nm (3.05 GPa)
(Fig. 10b). This behaviour is evident in all the PEEK samples that are
laser heated for a duration > 4 ms (Fig. 13). As shown with OM and ATR-
FTIR, surface carbonisation takes place in these samples, and a char
layer is formed. This char layer is the main reason that the induced
thermal damage is mostly found on the surface of PEEK. For example,
previous studies have shown that it acts as a protective layer during the
decomposition of PEEK that limits the access of heat to the bulk material
[23,27,65]. As a matter of fact, Fig. 10 shows that the properties of the
laser-heated PEEK approach the properties of the virgin PEEK in the
through-thickness direction. Therefore, the nanoindentation results
show that the formed char layer “shields” the bulk PEEK from the con-
sequences of the applied laser heating and results in mostly superficial
thermally induced damage.

3.5.3. The hardening effect of short-time laser heating

Another interesting finding in Fig. 10 is that the applied laser heating
for 1 ms improves the hardness of PEEK compared to the virgin material.
This increase is up to 10.8% at an indentation depth of 500 nm
(Fig. 10a), and to further examine this effect, Fig. 11 presents localised
indentations at a small-area thermal damage of the 1 ms sample. As in
Fig. 10, the indented location in the centre of the thermally induced
damage is severely affected at shallow indentation depths, while both its
hardness and indentation modulus increase as the indentation depth
increases (Fig. 1lc, Fig. 11d). Interestingly, the results in the sur-
rounding area show a different response with a notable increase taking
place in the average hardness of the region and an average indentation
modulus similar to that of virgin PEEK. Hence, a hardening effect takes
place in the area surrounding the thermally induced damage of the 1 ms
sample (Fig. 11c). Similarly to the captured crystallinity increase in
Fig. 4c, this hardening effect is attributed to the recrystallisation that
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Fig. 11. Indented locations (600 W - 1 ms) a) before, and b) after the test & c) hardness, and d) indentation modulus as a function of the indentation depth at the

damage location, and at the surrounding area (average values).

takes place on the surface of PEEK upon the applied short-time laser
heating.

In summary, both nanoindentation and ATR-FTIR demonstrate that
short-time laser heating mostly functions as an annealing process when a
heating duration equal to 1 ms is applied. This is an interesting finding
and shows that short-time laser heating could be used as a tailoring
mechanism in laser applications of PEEK. For example, in the aerospace
industry a laser repass treatment is commonly applied to CF/PEEK
structures manufactured with LATP [10,66]. This takes place mostly for
assisting with thermal stress relief and cold crystallization phenomena
[10]. Furthermore, short-time laser heating could potentially also be
used to influence properties of the bulk composite such as the inter-
laminar shear strength (ILSS), which is currently extensively researched
in LATP applications of CF/PEEK [8-10,67].

3.5.4. Concluding remarks on the nanoindentation of laser-heated PEEK

Fig. 12 and Fig. 13 present the hardness and modulus of the laser-
heated PEEK samples at an indentation depth of 500 nm, 1000 nm,
and 1500 nm. These figures illustrate the main findings of this investi-
gation and provide important information about the response of PEEK
when it is laser heated for an increasing heating duration. Overall, two
distinct groups of samples can be identified in the examined case study
which show a different response.

Initially, in the samples heated for a duration > 4 ms surface car-
bonisation occurs and a char layer is formed (Fig. 1, Fig. 3). These
phenomena significantly affect their mechanical properties and result in
a decrease of around 50% and 45% in their hardness and indentation
modulus respectively (Fig. 12, Fig. 13). However, similar hardness and
moduli values are found amongst these samples which demonstrates
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laser-heated PEEK with a Gaussian beam of a 5 mm diameter, a power of 600 W,
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Fig. 13. Indentation modulus at a depth of 500 nm, 1000 nm, and 1500 nm of
virgin and laser-heated PEEK with a Gaussian beam of a 5mm diameter, a
power of 600 W, and a heating duration up to 14 ms.

that after the formation of the char layer the material is not further
affected by the increase in the applied heating duration. The analysis
also shows that the most significant damage takes place at shallow
depths and the material properties increase as the indentation depth
increases. This increase is sharper in the heated samples compared to
virgin PEEK and is attributed to the shielding mechanism of the formed
char layer that limits the access of heat to the bulk PEEK. Therefore, the
formed char layer constrains the damage close to the heated surface,
thus securing the mechanical properties of PEEK in its through-thickness
direction.

On the other hand, the samples heated for 1 ms and 2 ms show a

Polymer Degradation and Stability 211 (2023) 110282

different response. Especially at the 1 ms sample, an increase is observed
in its hardness while the moduli of both samples slightly decrease.
Moreover, significant variations do not occur with the indentation depth
which also differs from the captured behaviour in virgin PEEK and in the
samples heated for > 4 ms (Fig. 12, Fig. 13). As discussed in the ATR-
FTIR analysis, a higher DOC is found on the surface of these samples
compared to virgin PEEK (Fig. 4). This is attributed to the recrystalli-
sation phenomena that take place in these conditions, which also result
in the observed hardening effect (Fig. 11). Hence, besides triggering the
thermal degradation mechanisms in a few locations, short-time laser
heating mostly operates as an annealing process that triggers recrys-
tallisation and hardening phenomena on the surface of PEEK thus
improving its superficial properties. Taken together, to conclude the
analysis Table 2 gathers the main results of ATR-FTIR and
nanoindentation.

4. Conclusions

In the present work, the response of PEEK subject to laser heating
was examined and the applicability of various experimental methods in
assessing the thermal degradation of laser-heated PEEK was investi-
gated. The analysis shows that two main mechanisms take place on the
surface of PEEK upon laser heating and the main conclusions are the
following:

e Short-time laser heating acts as an annealing process that triggers
recrystallisation and hardening phenomena that increase the crys-
tallinity and the hardness on the surface of PEEK by up to 5.1% and
10.8% respectively.

e A further increase in the heating duration results in surface carbon-

isation and char layer formation. These phenomena significantly

decrease the DOC of PEEK by up to 41%. They also reduce its

hardness, and indentation modulus by around 50%, and 45%

respectively.

Surface carbonisation is associated with the thermal limits of PEEK in

laser heating, and its detection with ATR-FTIR can serve as a quick

method for defining its optimum process window in laser
applications.

The char layer acts as a protective layer that limits the access of heat

to the bulk PEEK, restricting the severe thermal damage on its sur-

face and shielding the bulk material from the applied thermal load.

e Nanoindentation and Raman spectroscopy are suitable for identi-
fying the laser processing that would act as an annealing process, and
they can be useful techniques for studies that aim to identify the
optimum laser processing of PEEK.

In summary, the conducted multi-technique experimental analysis
thoroughly examined the thermal degradation mechanisms of laser-
heated PEEK, and it identified suitable degradation detection tech-
niques for laser heating of polymers and PMCs. The findings could be

Table 2

Main outputs of the ATR-FTIR and nanoindentation analysis.
Heating 1305/1280 cm ! DOC (Eq. 1) Hardness at 1500 nm Modulus at 1500 nm
duration IR intensity ratio (%) (GPa) (GPa)
Virgin (0 ms) 1.003 £+ 0.007 17.72 £+ 0.47 0.282 + 0.031 3.999 + 0.279
1 ms 1.016 + 0.017 18.62 + 1.12 0.291 + 0.072 3.836 + 0.398
2 ms 1.013 £+ 0.030 18.38 + 1.94 0.246 + 0.062 3.614 + 0.444
4 ms 0.943 + 0.064 11.56 + 1.46 0.137 + 0.083 2.546 + 0.720
6 ms 0.895 + 0.005 10.77 £+ 0.32 0.109 + 0.069 2.266 + 0.953
8 ms 0.892 + 0.014 10.97 £+ 0.65 0.142 + 0.083 2.181 + 0.953
10 ms 0.910 + 0.022 11.25 + 0.48 0.145 + 0.063 2.376 £ 0.602
12 ms 0.891 + 0.008 10.53 £+ 0.49 0.116 + 0.077 2.793 £1.317
14 ms 0.897 + 0.004 10.90 + 0.24 0.094 + 0.060 1.994 + 0.813

10
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relevant for studies that aim to identify the optimum laser heating of
PEEK that would positively affect the material without inducing sig-
nificant thermal damage on its surface. By doing so, short-time laser
heating could be used for tailoring the properties on the surface of PEEK
in a desired manner. For example, it could serve for increasing the
material’s crystallinity or roughness, thus further enhancing the
implementation of PEEK in several industrial applications where laser
heating is involved, such as laser-assisted tape placement (LATP) ap-
plications in the aerospace industry or medical applications.
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