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1. Introduction

Process dependent interface strengthening,
de-icing and EMI shielding performance
in PEEK/CF laminates+

Rishi Raj, Sampath Parasuram, S. Kumar and Suryasarathi Bose (2 *

Carbon fiber (CF)/polyetheretherketone (PEEK) laminates are emerging as a potential material for aero
structural applications, thereby offering tough competition to the traditional Fiber reinforced polymers.
The additional advantages like high production rate, recyclability, weldability, higher damage tolerance
and prolonged service life at high temperatures make them a popular choice over traditional carbon
fiber reinforced epoxy (CFRE) laminates. PEEK based laminates offer unique advantages, but the
properties largely depend on the processing parameters (temperature and pressure cycles, holding time,
etc.), which control both diffusion of PEEK into CF and the interfacial adhesion between CF and PEEK at
a given volume fraction of CF. Our results begin to suggest that the interfacial adhesion between PEEK
and CF depends largely on the temperature as manifested from interlaminar shear strength (ILSS) and
flexural strength (FS) recorded for different pressure cycles. For a given temperature, increasing the
pressure cycle influences the mechanical properties more than the holding time. In addition, beyond a
certain temperature the viscosity drops, and the interface is weakened because of the decrease in matrix
volume. The laminate fabricated using the optimized parameters showed an ILSS of 66 MPa and FS of
658 MPa, which is significantly higher than the traditional CFRE. The fractography analysis complements
the results obtained manifesting in bare CF at temperatures >410 °C and a thick layer of PEEK on CF at
< 410 °C, suggesting that at optimum temperatures the PEEK diffuses well through all the layers of CF.
The laminates were also studied for deicing applications using Joule heating. A de-icing time of 30 s at
a low voltage of 4 V and rapid heat dissipation, together with a high total shielding effectiveness (SEt) of
47.5 dB, makes these laminates potential candidates for aerostructures.

cost and decreased production rate. Moreover, mechanical
fasteners and rivets for joining CFRE components lead to stress
concentration areas resulting in structural damage during

CFRE laminates have been used as an important structural
component in aircraft for the past three decades, with about 50%
share in the structural components. The high strength to weight
ratio, corrosion resistance, design flexibility and outstanding
mechanical performance during service provide CFREs with the
upper hand over the conventionally used metallic alloy
components.™* Although CFRE laminates can perform well for
aerostructural applications, there are several challenges asso-
ciated with the production and post application. As stated in
multiple commentaries from the leading-edge industries, the
CFRE requires a long baking and curing cycle to manufacture
structural parts. The large structures require huge size autoclaves
for curing and post curing time leading to increased production
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service. Besides, the recyclability of epoxy is a challenge and
often the discarded parts end up in landfill.>* To achieve a
circular economy, thermoplastic laminates are emerging as a
potential material for aerostructures. In this context, CF/PEEK
laminates offer great advantages of faster production cycle
complemented with recyclability. The use of automation pro-
cesses such as automated tape placement and thermostamping
have further revolutionalised the potential to use CF/PEEK
laminates in aerostructures.””>® PEEK being a thermally stable
thermoplastic allows the use of welding techniques to join
different structural parts eliminating the use of fasteners and
rivets” and in addition, offers an additional dimension of
recyclability.>”® CF/PEEK laminates also have higher damage
tolerance to fracture i.e., more than 10 times fracture toughness
values than their CFRE counterparts.”"°

The interfacial adhesion between CF and PEEK largely
depends on the temperature and pressure cycles along with

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0001-8043-9192
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00318c&domain=pdf&date_stamp=2023-08-22
https://doi.org/10.1039/d3ma00318c
https://doi.org/10.1039/d3ma00318c
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00318c
https://rsc.66557.net/en/journals/journal/MA
https://rsc.66557.net/en/journals/journal/MA?issueid=MA004018

Open Access Article. Published on 04 August 2023. Downloaded on 7/2/2025 8:56:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the holding time which ensures proper impregnation of PEEK
into multiple CF layers. Several attempts have been made in the
previous reports to optimize and study the effect of the above-
mentioned processing parameters.'”'> However, there are a
very few reports which have used aerospace grade high strength
and low MFI (melt flow index) PEEK for fabrication of CF/PEEK
laminates. The low MFI provides the advantage of high strength
but at the same time poses additional challenges in processing.
Apart from the necessary mechanical strength, the aerostruc-
tural parts are also expected to possess some functional proper-
ties, such as electromagnetic interference (EMI) shielding and
de-icing properties for a proper function of aircraft. The EMI
shielding properties are useful for protecting the electronic
parts of the aircraft from disruptive disturbances of EM
waves."*™® The sub-zero temperatures at higher altitudes tend
to form ice layers over the structural parts, thereby disturbing
the aerodynamics of the air-borne aircraft. The de-icing using
Joule heating is an important remedy for eliminating the icing
problem at higher altitudes.*®*”

In a quest to understand as to how the interfacial strengthening
is controlled by the processing parameters, we created a library of
processing controls (like temperature, pressure cycles, holding
time, etc.) and captured its performance to map the structure-
property correlation. We varied the pressure cycle (and the holding
time) at a given temperature and assessed the fracture morphology
of the CF/PEEK laminates. Our results begin to suggest that
beyond a certain temperature (> 410 °C), the viscosity of the PEEK
drops and it thereby doesn’t wet the CF resulting in poor mechan-
ical properties. In addition, at temperatures below <410 °C, the
holding time has little influence, and the pressure cycles largely
dominate the interfacial properties. In addition to mechanical
properties, electromagnetic shielding and de-icing properties are
also crucial for aerostructures. Both the de-icing properties and
EMI shielding performance of PEEK/CF laminates are excellent
and depend on the processing parameters adopted.

2. Materials and methods
2.1 Materials

Polyetheretherketone film (PEEK) aerospace grade was procured
from Solvay with MFI of 3 g/10 min at 400 °C and 2.16 Kg load
having 1.3 g cc™" density. Bi-directional CF mats with a fiber
diameter of ~7 pm and 200 g sq~'. metre was purchased from
Bhor chemicals.

2.2 Methods

The CF was kept in acetone at room temperature for 48 h to
remove the precoated epoxy sizing agent followed by drying for
2 h at 60 °C in a hot air oven. 10 layers of CF and 11 layers of
PEEK film having dimensions of 10 x 10 cm? were consolidated
as alternate layers into a mold cavity. The mold was kept in a
compression molding machine for heating up to the processing
temperature at zero pressure. The mold was given a preheating of
45 min followed by 10 breathing cycles at 0.5 MPa to eliminate
air voids in the laminate prior to beginning the molding cycles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 CF/PEEK laminate fabrication steps, testing and characterizations
and molding cycle with varying the parameters pressure, temperature and
holding time.

Table 1 CF/PEEK samples and the corresponding processing conditions

Sample code  Temperature (°C) Pressure (MPa) Time (min)
L1 400 5+10 15
L2 5+ 10+ 15+ 20 15
L3 5+ 10+ 15+ 20 30
L4 410 5+10 + 15+ 20 30

L5 5+10+ 15+ 20 60
L6 420 5+ 10 + 15+ 20 30

The typical processing parameters for the fabrication of CF/PEEK
laminates are processing temperature, consolidation pressure,
and holding time. The processing temperatures involved in
fabrication are 400 °C, 410 °C and 420 °C. The pressure cycle is
exerted over the heated mold with the combination of step wise-
pressure increment giving each pressure a certain amount of
consolidation time. The exerted consecutive pressure steps are 5, 10,
15 and 20 MPa. The step-wise pressure consolidation was performed
to ensure proper infusion of PEEK in CF.'® For each pressure step
the holding time of 15 min and 30 min was kept ensuring proper
infusion of low MFI resin into CF. After the completion of the
molding cycle, the mold was allowed to cool at ambient temperature
ensuring maximum crystallinity in PEEK. Fig. 1 refers to the
fabrication and molding details. The laminate was trimmed and
the CF vol% was found to be between 55-60% using ASTM D 3171.
The sample code (L1, L2, L3, L4, L5, L6) has been mentioned in
Table 1 against the corresponding processing parameter.

2.3 Characterizations and mechanical testing

2.3.1 Differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). DSC (Q 2000, TA instruments, USA)
of the PEEK film was performed from 40 °C to 350 °C at the rate
of 10 °C min ™' in a N, atmosphere to probe into T, and T}, of the
PEEK matrix. TGA (Q 500, TA instruments, USA) was performed
to check the thermal stability of the PEEK film from 40 °C to
600 °C at the rate of 10 °C min .

Mater. Adv, 2023, 4, 4180-4189 | 4181
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2.3.2 Rheological properties. The quantitative measurement
of resistance to flow was studied by the complex viscosity profile of
PEEK using a DHR-3 hybrid rheometer (TA instrruments, USA).
The PEEK films were molded into a disk of 25 mm diameter
having a thickness of 1 mm. The test was performed in oscillation
mode at an angular frequency of 10 rad s~ ' and temperature range
of 360-425 °C.

2.3.3 Interlaminar shear strength and flexural strength
test. The effect of processing parameters on the mechanical
properties of CF/PEEK laminates is measured by conducting
three-point bending and short-beam shear tests in a Zwick
universal testing machine with a load cell of 10 kN. Samples
were machined as per ASTM D7264/D7264M-07 and ASTM
D2344/D 2344M-16 for Flexural and ILSS testing procedures,
respectively. At least five samples of each type were tested. A
preload of 2-3 N was initially applied. A crosshead speed of
1 mm min~ ' was maintained.

Flexural strength was calculated from the equation,

3PL
’ = b (1)

ILSS was calculated from the equation,

3P
7= abd (2)

where P is the load at which the specimen first fails; ‘L’, ‘b’, and
‘d’ are the span length, width, and thickness of the specimen,
respectively.

2.3.4 SEM morphology and fractography. SEM (JEOL SEM
IT 300, USA) was performed at an accelerating voltage of 10 kv
for the morphology and fractography studies. The ILSS samples
(20 x 10 mm?) were used for cross-section morphology studies.
The fractography analysis was performed on the broken FS
samples. The cross-section of the broken surface was probed to
study the wetting of CF and the failure mechanism.

2.3.5 Electromagnetic interference shielding test. EMI
shielding studies of the laminate coupons having thickness of
2.3 to 2.5 mm were performed by the Keysight fieldfox microwave
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analyzer (N9918A) with the X-band (8-12 GHz). S-Parameters (S,
S12, S21, and S,,) obtained from a vector network analyzer (VNA)
and were used to calculate the shielding effectiveness due to
reflection and absorption. The absorption (A), reflection (R) and
transmission (7) coefficients were calculated using the following
equations.

1 1 1
SEt = 10log)y7=—5 = 10log,yr5—5 = 101logy= 3
T g10|512‘2 g10|521\2 glOT 3)
SEr = 1010, 1 =101lo ! 4)
R = g101_|511‘2— 07— R
A=1-R-T (5)
2.3.6 Electrical conductivity. The AC electrical conductivity

of the CF/PEEK laminates (thickness: 2.3 mm) was measured
using an impedance analyzer (Alpha-A analyzer bought from
Novocontrol, Germany) over a broad frequency range of 10" to
107 Hz at room temperature.

2.3.7 Deicing properties measurements by Joule heating.
The Joule heating and deicing test was performed using a DC
power supply at 4 V, 1.5 A power. The laminate coupons were
polished at the ends to expose CF at the surface and a conduct-
ing Cu strip was wrapped at the ends to improve the conducting
path. Two clamp electrodes are connected at the end of the
coupons over Cu strips and the DC power was applied. The
thermal imaging was performed using a Fluke RSE300 Infrared
Camera (Fig. 2). The deicing was performed by freezing the
water droplet over the laminate coupon using liquid nitrogen
and subjecting it to Joule heating.

2.3.8 Recyclability studies. The recyclability of the CF/
PEEK laminates was studied to recover CF and PEEK separately.
The laminate was dissolved in 4-chlorophenol at 100 °C for 2 h
under constant stirring. The dissolved PEEK was precipitated in
ice cold DI water. The CF and PEEK were recovered separately.
PEEK was reprocessed by compression molding. The detailed
process is mentioned in the ESI{ Fig. S1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Thermal imaging of Joule heating and deicing applications.

3. Results and discussion
3.1 Thermal stability

The DSC heating and cooling curves are shown in Fig. S2(a)
(ESIT) of various PEEK/CF laminates studied here. The glass
transition temperature (Ty), cold crystallization temperature
(T.) and melting temperature (T,,) of the PEEK matrix are
146 °C, 294 °C and 340 °C, respectively. Therefore, the onset
processing temperature was decided based on the general
thumb rule of 400 °C and varying by 10 °C to optimize the
parameters. The TGA (Fig. S2(b), ESIt) shows that the PEEK is
thermally stable up to 520 °C which allows us to safely vary the
temperatures between 400-420 °C.

3.2 Temperature dependent viscosity profile

Fig. 3 shows the variation of complex viscosity (*) for PEEK
with respect to temperature. The magnitude of #* decreases on
increasing the temperature due to increasing free volume and
depletion of secondary interactions between polymer chains,

800
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Fig. 3 Complex viscosity vs. temperature plot of PEEK.

© 2023 The Author(s). Published by the Royal Society of Chemistry

thereby increasing the chain mobility. The n* value of 344 Pa s
at 400 °C decreased to 179 Pa s at 410 °C which further dropped
to 58 Pa s at 420 °C. The lower value of n* ensures efficient
wetting of CF, thereby increasing interfacial bonding between
PEEK and CF. However, a very low magnitude of n* becomes
detrimental to the laminate, which is discussed in detail in the
upcoming sections.

3.3 Microstructural characterization of laminates

Fig. 4 shows the SEM cross-sectional images of laminates L1
and L2 depicting the effect of increasing pressure cycle on the
infusion of PEEK into CF mat. Fig. 4a and b depict the cross-
sectional images of sample L1 and it can be seen that there is
clear separation between the CF layers and PEEK film, which has
not infused into the CF layers (Fig. 4a). The bare carbon fibers
without any PEEK depositions in Fig. 4b clearly show that the
low-pressure cycle of 5 + 10 MPa for 15 min each at 400 °C is not
sufficient for PEEK impregnation into CF layers. On the other
hand, when the pressure was increased to 5 + 10 + 15 + 20 MPa,
the PEEK can be seen infusing into the CF layers and the PEEK

Fig. 4 SEM cross-sectional images of sample L1 (a) and (b) and L2 (c) and (d).

Mater. Adv,, 2023, 4, 4180-4189 | 4183
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and CF layers become indistinguishable in Fig. 4c, and CF coated
with PEEK can be clearly seen in Fig. 4d for the L2 laminate. That
is why for all the subsequent laminates the pressure cycle of 5 +
10 + 15 + 20 MPa was used.

3.4 Process dependent interfacial strengthening

ILSS is one of the important mechanical properties that reflects
the nature of the interface in any laminate that is associated
with bonding between the layers arising from the evolving
microstructure. The ILSS is majorly governed by the effective
infusion of the matrix into the fibers at the microscopic scale and
hence, understanding the process controlled interfacial strength-
ening becomes very crucial. We varied the pressure cycle and the
holding time at a given temperature and in addition varied only
the holding time at a fixed pressure cycle and temperature. The
rheological response of any thermoplastic is strongly dominated
by temperature and shear. The squeeze flow deformation (experi-
enced in compression molding) controls the matrix wetting and

(a)

o

View Article Online

Paper

needs to be considered as an additional design parameter here.
Our results begin to suggest that a pressure cycle at different
holding times is more beneficial than a single cycle as it helps in
a more efficient diffusion of PEEK through the CF layers. Fig. 5
shows variation in ILSS of various CF/PEEK laminates fabricated
here following a particular pressure cycle at a fixed temperature
and holding time.

At a given processing temperature of 400 °C, the variation in
pressure cycle and holding time was varied (Fig. 5a). The ILSS
increased from 22 to 38 MPa when the pressure cycle changed
from 5 + 10 MPa to 5 + 10 + 15 + 20 MPa at a given holding time
(15 min) for each pressure cycle. This begins to suggest that PEEK
infuses well through the CF layers when a longer pressure cycle
was followed as it improves the interfacial adhesion in PEEK/CF
laminates. In addition, for a particular pressure cycle (5 + 10 +
15 + 20 MPa) when the holding time increases from 15 to 30 min,
the ILSS increases from 38 MPa to 41 MPa. By varying the
pressure cycle from 5 + 10 MPa to 5 + 10 + 15 + 20 MPa the ILSS

(b)

Fig. 5

ILSS values of CF/PEEK laminates; (a) variation of pressure cycle (5 + 10 and 5 + 10 + 15 + 20 MPa) and holding time (15 and 30 min) at 400 °C; (b)

variation of holding time (30 and 60 min) at 410 °C; (c) variation of processing temperatures (400 °C, 410 °C and 420 °C) for the 5 + 10 + 15 + 20 MPa

pressure cycle and 30 min holding time.
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improved significantly. Miao et al. have studied the variation in
ILSS with respect to applied pressure and observed that ILSS
scales with increasing pressure.’® Our results also suggest that
the holding time has little role to play here and applied pressure
dominates the interfacial strengthening. Based on this observa-
tion, we decided to further proceed with 5 + 10 + 15 + 20 MPa. The
next challenge is to understand the effect of temperature and
hence, we assessed the ILSS at 410 °C (Fig. 5b) keeping the
pressure cycle fixed. Interestingly, the ILSS increased to 66.6 MPa
for a fixed holding time of 30 min manifesting improved infusion
of PEEK into the CF layers. This improvement in ILSS suggests
interface strengthening due to better infusion of PEEK into the
CF layers which is complemented by the fractography analysis as
well, and can be attributed to increment in the flow of PEEK.'"*°
When the holding time was further increased to 60 min, the ILSS
remained unchanged suggesting that the holding time has little
effect to play here and the wetting of PEEK is largely dominated
by the pressure cycle adopted and the temperature chosen.
Therefore, 30 min of holding time for the chosen pressure cycle
was fixed for further optimization. Keeping the pressure cycle (5 +
10 + 15 + 20 MPa) and holding time 30 min fixed (Fig. 5¢), we
increased the processing temperature further to 420 °C. To our
surprise, the ILSS reduced to 33 MPa, which begins to suggest
that as the temperature increases the viscosity of the PEEK
further drops and instead of wetting the CF layers, it squeezes
out. This was in line with the result mentioned in the n* vs.
temperature plot (Fig. 3) in which the viscosity dropped by an
order of one. The bare CF surface in the fractography images
further strengthens our hypothesis that temperatures >420 °C
are not suitable to process the laminates. The significant
reduction in ILSS at 420 °C can be attributed to reduction of
the amount of PEEK in the laminate and PEEK deficient areas
and thereby poor load transfer between fibers. We observed more
flash during the compression molding process for PEEK/CF
laminates when processed at 420 °C and this particular sample
resulted in poor adhesion of PEEK onto CF. Based on our
understanding, sample L4 showed the best ILSS properties due
to the improved interface. The representative plot of load vs.
displacement for sample L4 can be seen in Fig. S3 (ESIT).

The in-plane properties of CF/PEEK laminates can be
accessed by flexural measurements. The failure mechanism
here is majorly dominated by matrix failure and the extent of
the bonding of the matrix with the fibers. The FS values show
the same trend as observed for ILSS values in Table 2. At 400 °C,
on increasing the pressure from 5 + 10 MPa cycle to 5 + 10 + 15 +
20 MPa cycle at 15 minutes holding time, an increment in FS

Table 2 Mechanical properties of the PEEK/CF laminate samples

Sample code ILSS (MPa) Flexural strength (MPa)
L1 22 + 1.8 283.6 + 16

L2 38£3.3 409 £ 19

L3 41 £+ 0.7 552 + 20

L4 66.6 £ 3.7 658 £ 10

L5 65 £+ 2.3 647 + 20

L6 33 £1.6 404 + 18

© 2023 The Author(s). Published by the Royal Society of Chemistry
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value from 283 MPa for L1 to 409 MPa for L2 laminate is
observed. On further increasing the holding time from 15 to
30 minutes a significant improvement to 552 MPa for the L3
laminate is observed. Increasing the processing temperature
from 400 °C to 410 °C with the optimized holding time of
30 minutes and 5 + 10 + 15 + 20 MPa pressure cycle increases
the FS value from 409 MPa for L3 to 658 MPa for L4 laminate.
Increasing the holding time to 60 minutes at 410 °C and the
optimized pressure cycle does not yield any improvement in FS
value for L5. Again, increasing the processing temperature to
420 °C results in a significant reduction in FS value to 404 MPa
for the L6 laminate. This analysis explains the same trend and
holds good for FS too. The FS values with respect to each
parameter can be seen in Fig. S4 (ESIT).

Our results suggest that the obtained mechanical properties
of our unmodified CF/PEEK laminates are much superior to
those published earlier®*® where ILSS ranges from 40 to 55
MPa and FS ranges from 300 to 485 MPa. The trend emerging in
the mechanical properties with the variation in temperature on
the mechanical properties is further examined by fractography.

3.5 Fractography and the interface

To further strengthen our hypothesis, fractography was assessed
in the CF/PEEK laminates. Fig. 6 depicts the SEM fractography
images of fractured FS samples fabricated at 400 °C, 410 °C and
420 °C consolidated at 5 + 10 + 15 + 20 MPa for 30 min at each
pressure cycle.

It can be clearly seen from Fig. 6 that for the samples prepared
at 400 °C, there are regions where delamination voids can be seen
(Fig. 6a and b). This is also manifested in poor mechanical
properties. On the other hand, the samples prepared at 410 °C
(Fig. 6¢c and d) show bundles of perfectly bonded CFs in the PEEK
matrix. The perfect bonding between CFs leads to efficient stress
transfer between the fibers, thereby improving the mechanical
properties. In the case of samples prepared at 420 °C (Fig. 6e and
f), the bare fibers without any matrix adhered to it can be clearly
seen leading to poor mechanical properties. The fractography is
in line with the discussion of the mechanical properties.

3.6 EMI shielding and the de-icing properties

An important property for a material to qualify for aerostruc-
tures is EMI shielding. Table 3 depicts the total shielding
effectiveness (SEy) along with the reflection and absorption
component for the various samples studied here. Though the
major contributor of EMI shielding in the CF/PEEK laminate is
CF, it is important to study the effect of PEEK and its bonding
with CF on the shielding properties of the laminates.

Fig. 7 suggests that the samples that showed good ILSS also
showed higher shielding effectiveness (SEy). Samples with
lower ILSS values (L1, L2, L3, L6) also showed poor EMI
shielding properties (SEt); however, samples (L4 and L5) that
showed excellent ILSS values show higher SE; (Table 3). The
lower SEr values can be attributed to insulating PEEK adhering
to CF thereby impeding the conducting pathway. As the PEEK
begins to infuse into CF, the uniform distribution of PEEK
throughout the laminate created a thin dielectric layer between

Mater. Adv., 2023, 4, 4180-4189 | 4185
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Fig. 6 SEM fractography of fractured FS samples fabricated at (a) and (b) 400 °C (L3), (c) and (d) 410 °C (L4), (e) and (f) 420 °C (L6), at the pressure of 5 +

10 + 15 + 20 MPa with 30 minute holding time at each pressure cycle.

Table 3 EMI shielding data of CF/PEEK laminates

Sample code SEr (dB) A R T

L1 —29 0.83 0.16 0.01
L2 —36 0.75 0.24 0.01
L3 —41 0.86 0.13 0.01
L4 —47.5 0.97 0.02 0.01
L5 -46 0.96 0.03 0.01
L6 —50 0.92 0.07 0.01

20
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-30 1
@ -35
ur
G I W
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Fig. 7 SEt plots for different samples of CF/PEEK laminates.

CF leading to conduction and dielectric losses of EM waves
increasing the SEr. For sample L6 the SE value is found to be
higher than L5 though the ILSS significantly decreased. The
higher shielding values can be attributed to high contact
between the carbon fibers due to the lack of matrix in L6

4186 | Mater. Adv, 2023, 4, 4180-4189

leading to higher conduction losses. It is important to mention here
that in all the samples ‘A’ was higher than ‘R’ indicating that the
dominant mechanism of shielding is by absorption. The mechanism
of EMI shielding is illustrated in Fig. 8. The EM waves are guided by
the network of CF into the laminate allowing them to penetrate deep
inside causing electronic polarization causing attenuation of EM
waves. Also, the multiple interfaces between PEEK and CF results in
interface polarization, which also helps in additional attenuation of
EM waves. The use of liquid metals in the polymer composites
showed high shielding values up to 90 dB.””>° The use of fillers such
as Mxenes® and Ni plating®™ and graphene sheets® over CF were
also studied in the past to improve the shielding effectiveness of the
CF/PEEK laminates however, our results indicate that the process
induced microstructure dominates both the structural as well as
functional properties. It is important to note that the SEr values of
our CF/PEEK laminates show higher EMI shielding performance
without any modifications or addition of external materials.

3.7 AC conductivity of CF/PEEK laminates

Fig. 9 shows the AC conductivity plots for samples L1, L4 and
L6. These samples were chosen based on their mechanical
property, which is strongly related to wetting of PEEK over CF.

CF Incident EM

‘,§° (waves

& +— Reflected EM

S NS
F
AN
.‘ Absorbed EM

‘ waves

Poorly infused PEEK/CF Efficiently infused PEEK/CF

Fig. 8 EMI shielding mechanism of CF/PEEK laminates.
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Fig. 9 AC conductivity plots of sample L1, L4 and L6.

The conductivity values of L4 (0.001 S cm™ ") and L6 (0.007 S cm™ %)
are seven orders of magnitude higher than sample L1 (10"° S cm ™).
The insulating PEEK layer in sample L1 impedes charge transport
between CF layers due to the insufficient temperature and pressure
cycle adopted during the fabrication process. This particular sample
also showed poor mechanical properties as discussed in the manu-
script. On the other hand, samples 14 and L6 (where higher
temperature and pressure cycles were adopted) showed higher AC
conductivity due to minimum matrix between the CF leading to
efficient electron tunneling/hopping. This is further supported by
the fact that both L4 and L6 showed higher CF volume fraction
than L1.

3.8 Deicing properties by Joule’s heating method

Fig. 10 shows the temperature vs. time curve and the corresponding
IR images taken at different intervals of time for the L4 laminate.
The IR images clearly show that the rate of heating in 14 is
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Fig. 10 Temperature vs. time plot during Joule’s heating along with IR
thermal imaging of the L4 laminate.
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Fig. 11 Deicing tests of sample L4 using Joule's heating method.

significantly high due to resistive Joule heating. The temperature
increased from 40 °C to 90 °C in 3 minutes. The faster heating
provides an additional advantage for deicing application in aero-
structural parts and is comparable to the currently used CFRE
laminates. It is worth noting that the rapid increase in temperature
was achieved at a low voltage of 4 V, and 6 W power input. Apart
from heating, the heat dissipation rate is also significantly high. The
time duration to reach 45 °C from 90 °C is 2 minutes, which is also
comparable to the currently used CFRE laminates.'® This gives an
additional advantage to CF/PEEK laminates for near engine applica-
tions, as discussed in the introduction section.

The deicing properties of the optimized CF/PEEK laminate were
studied by placing a drop of water and freezing the laminate using
liquid N,. The ice starts melting after 30 s (Fig. 11) and the complete
disappearance of ice can be seen after 60 s of voltage application,
proving it to be a suitable material for deicing application.

The above discussion shows that the additional fast heating,
fast heat dissipation and fast deicing characteristics make CF/
PEEK laminates a potential candidate for aerostructures.

3.9 Recyclability of CF/PEEK laminate

In order to assess the recyclability of the designed laminates,
the CF/PEEK laminate was immersed in 4-chlorophenol solvent
to dissolve PEEK. Post 2 h, PEEK was completely dissolved in
the solvent leaving behind CF. The PEEK solution was then
precipitated using ice cold DI water and the recovered PEEK
was dried in a hot air oven. The PEEK was again remolded to
make a few samples. This clearly demonstrates that the ther-
moplastic laminates offer closed-loop circularity in comparison
to traditional thermoset composites/laminates (Fig. S1, ESIf).
In addition, the PEEK/CF laminates exhibited superior mechan-
ical properties, thereby making them potential candidates for
aerostructures.

4. Conclusion

In this work, CF/PEEK laminates were fabricated using com-
pression molding. The associated parameters holding time,
temperature and pressure cycles were optimized to obtain a
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high strength laminate with airworthiness. The optimization of
the processing temperature suggests that at lower temperature
of molding (400 °C), the resin does not get enough translation
energy to flow and infuse between the layers of CF hence
leading to poor wetting of CF and lower mechanical properties.
Also, at higher temperatures (420 °C), too much resin is lost as
flash material under high pressure during the molding process
and the laminate is deprived of sufficient PEEK matrix, hence
reducing the mechanical properties. The optimized processing
temperature (410 °C) with correct vol% of matrix in the system
provided the best mechanical properties. The optimization of
the pressure suggested that the lower pressure cycles were not
sufficient to make the PEEK flow and impregnate the CF layers
leading to poor wetting of CF and inferior mechanical properties.
The high-pressure cycles (5 + 10 + 15 + 20 MPa) lead to an optimized
and sufficient pressure enabling PEEK to infuse properly in CF
leading to superior mechanical properties. Also, the optimization of
holding time showed that 15 min of holding time for each pressure
cycle is not sufficient to reach the required mechanical strength and
60 min does not have significant effects on the mechanical proper-
ties; therefore, 30 min of holding time for each pressure cycle was
optimized for the maximum achievable mechanical properties. The
optimized sample shows an ILSS value of 66 MPa and FS of 658
MPa qualifying as airworthy material. The EMI shielding measure-
ments showed that the impregnation of PEEK into CF has a
significant effect on the SEr values of the CF/PEEK laminates.
Samples with good impregnation and higher mechanical strength
show higher shielding values. The optimized sample shows SEr up
to —47.5 dB. The optimized CF/PEEK laminate was also tested for
deicing application using the Joule heating method. The test
showed that the time interval of 30 s is sufficient for melting the
ice frozen over the CF/PEEK laminate. The above conclusions
suggest that the CF/PEEK laminate fabricated in this work possesses
the required mechanical, EMI shielding and deicing properties
making it a potential candidate for aerostructural materials. Though
there are still the challenges of high material cost and lack of
research facility, the potency of CF/PEEK laminates as a structural
material in the aerospace sector will overcome this challenge with
more R & D and scientific advances.
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