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Abstract

This study investigates the impact of reconsolidation on the mechanical properties and damage
recovery of carbon fiber reinforced poly ether ketone ketone (CF/PEKK) composites caused
by manufacturing processes, particularly drilling, and environmental aging. Reconsolidation is
performed using a hot-press method on both reference and aged composite samples. Me-
chanical properties are evaluated through compression and open-hole compression (OHC)
tests, leveraging the digital image correlation (DIC) technique for deformation analysis. Ad-
ditionally, thermal properties are characterized using dynamic scanning calorimetry (DSC),
thermogravimetric analysis (TGA), and dynamic mechanical analysis (DMA). Before aging,
compressive strength increases by 15.61% in compression samples and by 37.61% in OHC
samples due to reconsolidation process. This recovery is further supported by enhancements
in the glass transition temperature (T,) and degree of crystallinity (X.) by 5.97% and 20.94%,
respectively. After aging, the compressive strength of the reconsolidated samples is slightly
lower than that of the aged reference samples, yet still shows significant improvements in
mitigating aging effects and reducing catastrophic failures. The DIC analysis further confirms
that reconsolidation reduces delamination and catastrophic failures, confirming the re-
consolidation process’s efficacy in restoring mechanical integrity and performance.
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Introduction

Thermoplastic matrix composites (TPCs) gain interest in the aviation, automotive, and
energy sectors due to their outstanding properties including reparability, excellent re-
sistance, weldability, and high chemical resistance.'” Among various thermoplastic
matrix materials, the Poly Aryl Ether Ketone (PAEK) family stands out as a suitable
candidate for use in the aviation industry due to its high performance and superior
properties.® Poly ether ketone ketone (PEKK), which belongs to the PAEK family, is
prominent in structural applications within the aerospace sector due to its relatively lower
processing temperature compared to poly ether ether ketone matrix (PEEK),* as well as its
better matrix ductility and higher strength.’

The vacuum-bag-only (VBO) process is a promising out-of-autoclave (OoA)
manufacturing method that offers a cost-effective and time-efficient alternative to tra-
ditional autoclave processing. While it has the potential to produce high-quality ther-
moplastic composites (TPCs), existing literature on its manufacturing challenges and
optimization strategies remains limited. Zhang et al.® investigate the void reduction
mechanisms during oven VBO (vacuum bag-only) processing of thermoplastic com-
posites (TPCs), highlighting the significance of interlayer permeability and edge con-
ditions for process success. This relationship is particularly crucial for thick composite
laminates, where these factors have a substantial impact on void reduction effectiveness.
In another study, Zhang et al.” report that air removal during VBO processing of TPCs can
be modeled as a combination of through-thickness gas diffusion and in-plane airflow
within the interlayer region. Similarly, Swamy et al.,* demonstrate that various VBO setup
conditions are crucial for advanced TPC manufacturing to achieve effective void removal,
resulting in efficient consolidation and low void content.

During the operational life of aircraft, damages can occur due to mechanical impact
and environmental conditions, as well as during the manufacturing and assembly stages of
the composite structure. Voids, micro-cracks, and delamination are some examples of
manufacturing-related damages.’ Additionally, the mechanical joining of large-sized
composite structures with other composites and metal parts may be necessary at the
assembly stage. In order to perform operations such as riveting, screwing, and bolted
joining during assembly, drilling is an indispensable machining process on the composite
structure.'®!" Drilling is a material removal process that creates holes progressively
through composite layers using a rotary cutting tool.'” In carbon fiber-reinforced ther-
moplastic composites like CF/PEKK, the heterogeneous microstructure and the high
thermal stability of the reinforcing fibers make the material particularly susceptible to
damage during drilling. Common defect modes include delamination, matrix smearing,
fiber pull-out, and thermal degradation, all of which are highly sensitive to process
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parameters and material morphology.'®'%'* While most composite drilling studies to date
have focused on conventional thermoset systems such as CF/epoxy'* recent research has
started to address the unique challenges associated with drilling thermoplastic com-
posites. Ge et al.'> are among the first to systematically compare different hole-making
methods for CF/PEKK, revealing that conventional drilling introduces more severe
microstructural damage compared to helical milling. They also have observed an increase
in matrix crystallinity, attributed to strain-induced crystallization triggered by elevated
temperatures and shear stress during drilling. In a follow-up study, the same group has
conducted a multi-objective optimization of the CF/PEKK drilling process,'® offering key
parametric recommendations for minimizing damage and promoting sustainable
manufacturing of next-generation thermoplastic composites.

Moreover, aircraft are subjected to various environmental conditions throughout their
service life, such as humidity, moisture, high temperature, rain erosion, hail, lightning
strikes, and ultraviolet radiation, all of which contribute to material degradation.'®'® The
damage occurring in composite structures under various loading conditions during
operation accelerates due to these environmental factors. The most critical environmental
factor is temperature change, with hot-wet environments being particularly detrimental to
composite performance.'”?® Hydrothermal aging, which results from hot-water ab-
sorption, can trigger certain damage types like the debonding of the matrix/fiber interface,
or in other words, delamination, through the effects of plasticization, molecular deg-
radation, and swelling of the polymer matrix, consequently leading to catastrophic
failure.'”?*> Given that environmental conditions and exposure time differently affect
composite performance and service life, it is critical to understand the behavior of
composites under these conditions. Accelerated aging analyses provide an important and
cost-effective means of predicting long-term material performance.”-** However, there
are limited studies in the literature that explore the impact of hot-wet environments on
advanced thermoplastic composites. Batista et.al.>> investigate the hygrothermal con-
ditioning effects on the degree of crystallinity and mechanical properties of CF/PEEK
composites. They have subjected the samples to hygrothermal conditioning in a climate
chamber at 80°C and 90% relative humidity for about 8 weeks until saturation, finding
that the samples gain 0.14% weight with an increase in degree of crystallinity due to
polymer chain relaxation and reordering. They also observe increases in compressive
strength and Young’s modulus, suggesting that the fiber—matrix interface is not degraded
by moisture absorption. Moreover, Mazur et al.*® presented a study on the influence of
accelerated aging on the compression and shear properties of CF/PEKK composites.
Their study involves conditioning composite samples at 80°C and 90% RH for about
6 weeks until reaching a saturation point with a weight gain of ~0.22%. Their findings
report significant enhancements in the compression and shear properties, indicating an
anti-plasticization effect. In addition, our previous work has identified the following
effects: (i) the impact of void content on the alteration of failure mechanisms in in situ
consolidated CF/PEKK composites,” (ii) the influence of AFP lay-up process parameters
and lay-up defects, such as gaps and overlaps, on mechanical performance,”’ and (iii) the
effect of micro- and meso-defects on tensile performance of glass-fiber reinforced epoxy
composites, and all three with corresponding failure mode transformations under
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hydrothermal aging conditions.'” However, there is still a lack of studies in the literature
addressing the recovery, namely repair, of these defects, particularly those introduced by
micro-cracks and drilling, both with and without hydrothermal aging conditions.

Thermoplastic matrices have the ability to soften and melt with heat and pressure and
then solidify again allowing the repair of damaged areas.*® Reconsolidation proves to be a
remarkable method in which damage such as voids, cracks, and delamination is recovered
by leveraging the melting-solidification nature of TPCs through the aid of heating and
applying pressure. Ragupathi et al.,”” demonstrated a complete recovery of the cracked
and separated layers with the mechanical properties in terms of tensile strength remaining
89% similar to the reference samples by applying ultrasonic reconsolidation to CF/PEEK
samples. It is worth noting that the significant impact of the reconsolidation process on
mechanical properties is studied in existing literature. Conejo et al.*® have studied the
reconsolidation effect on the CF/PAEK composite samples subjected to impact energies
of 5, 10, and 30 J, followed by compression after impact (CAI) testing. Their findings
indicate that after reconsolidation using a hot press, the compression strength of the
sample impacted at 5 J impact energy return to the same strength value as the reference
sample, while samples impacted with 10 J and 30 J exhibit partial recovery. Essentially,
the basis for the improvement in mechanical properties achieved through reconsolidation
is the elimination of residual stresses. Residual stresses arise from several causes such as
shrinkage in thermoplastic polymers, processing conditions (e.g. cooling rate), elastic
properties, and, the mismatch between the coefficient of thermal expansion of matrix and
fiber, causing them to expand or shrink at different rates when exposed to elevated
temperatures during manufacturing or operation.>' During reconsolidation, the controlled
heating and cooling process helps relieve and redistribute these residual stresses, which
were induced by the loads and environmental conditions experienced by the aircraft.®'~>
Additionally, various studies in the literature aim to recover the mechanical properties of
the composites that are exposed to environmental factors throughout their lifetime. To
eliminate the aging effect and improve mechanical properties, Erklig et al.** have ex-
amined the effects of hydrothermal aging and subsequent drying on glass fiber/epoxy
samples. After exposure to hydrothermal aging at 25°C, then fully dry them at 50°C until
constant weight and conduct Charpy impact tests. Consequently, the wet samples show a
27.3% decrease, while the re-dried samples experience only a 2.60% decrease in impact
strength compared to the reference sample.

The mechanism and effects of damage occurring during the drilling of the composites
are challenging and not predictable. To the best of the authors’ knowledge, studies on
reducing and/or eliminating these effects and enhancing mechanical properties are limited
in the literature. Nonetheless, in the study of Borba et al.,** two composites are joined
using a friction-riveted application, where the heat generated by friction leads to the
reconsolidation of the PEEK matrix. This process reduces the notch effect, which is a type
of damage commonly seen in conventional lock-bolted joint applications, consequently
enhancing the load-bearing capacity. Despite the great potential of the reconsolidation
process for thermoplastic composites (TPCs), there is a lack of comprehensive efforts that
demonstrate the repair success in: (i) recovering the effects of aging, (ii) eliminating the
deteriorative impact of the drilling process, and (iii) addressing the combined damage
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caused by both drilling and aging. Building on these insights, our current work seeks to fill
this critical gap by exploring repair strategies for defects, particularly those caused by
micro-cracks and drilling, under both hydrothermal aging and non-aging conditions.
The objective of this study is to first present a reconsolidation process recipe using heat
and pressure for advanced TPCs, aiming to mitigate damages incurred during envi-
ronmental aging and/or drilling. As part of the study, samples undergo drilling for OHC
testing, and selected samples are subjected to hydrothermal aging at 70°C for 1000 hours
in distilled water. Subsequently, all samples undergo to the reconsolidation process in a
hot press. Compression and OHC tests are conducted to evaluate the effects of aging and
reconsolidation, utilizing the DIC technique to monitor full-field deformation. Addi-
tionally, void content and thermal analyses, including DSC, TGA, and DMA, are per-
formed to assess the microstructural and thermal properties of CF/PEKK composites
manufactured by the VBO process and the reconsolidated thermoplastic composites.

Materials and experimental methods

Materials

The CF/PEKK unidirectional tape with a nominal thickness of 0.15 mm and a width of
305 mm (Toray Cetex®TC1320) is supplied by Toray Advanced Composites, USA. It has
afiber areal weight of 145 g/m?, a prepreg areal weight of 221 g/m?, with a resin content of
34 % by weight.

Manufacturing of composite laminates

Quasi-isotropic CF/PEKK composite laminates, with a configuration of [45/0/—45/90];
and dimensions of ((110 x 310 x 3.15) + 0.1) mm, are manufactured using the VBO
process. The VBO manufacturing lay-up and oven cycle are illustrated in Figure 1. A
release agent (Loctite Frekote 700-NC) is applied to a steel plate before the lay-up
process. UPILEX® 258, a polyimide perforated release film, and woven glass fabric
Bleeder Lease® E-peel ply with 0.107 mm thickness are positioned on the top and bottom
of the tape stacking, respectively. (Figure 1(a) and (b)). This arrangement enhances air
removal to reduce void content and prevents bonding between the laminate and tooling
materials.® Airweave® UHT800, a nonwoven ultra-high temperature fiberglass breather,
is then placed on top of the perforated release film to aid in air evacuation and maintain
vacuum levels. The stack is finally covered with Thermalimide E polyimide film and
securely sealed using A-800 3G sealant tape, preparing it for placement in the oven. The
vacuum bag lay-up is placed in the oven, and a vacuum is set at 1 atmosphere (atm) and
maintained at a consistent pressure for a 24-h debulking process at room temperature
(Figure 1(c)). After debulking, the oven temperature is raised to 250°C at a heating rate of
4°C/min, and further increased to 378°C at a heating rate of 3°C/min while maintaining
the pressure at 1 atm® (Figure 1(¢)). The laminates are held at this elevated temperature
for a dwell period of 90 minutes,® and then gradually cooled to room temperature at a rate
of 3°C/min. The VBO-manufactured CF/PEKK samples are designated as
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Figure 1. VBO manufacturing of CF/PEKK laminates. (a) Lay-up, (b) Lamination, (c) Oven
consolidation, (d) Schematic illustration of VBO process, (e¢) Oven temperature and pressure
cycle.

“Reference BA” (Before Aging). Finally, the composite laminates are cut using a water
jet (KUKA—KR 16-2C-F) in accordance with the specified standards for character-
ization and the holes are drilled by using a 3-axis computer numerical control (CNC) laser
cut machine (POYSAN B54-90).

The fiber volume content analysis is carried out with three repeats according to ASTM
D3171/Method B using samples in the dimensions of (25 x 25) mm, to find void ratio of
the composite laminates, which undergo matrix digestion with a mixture of sulfuric acid
(H,SO4) and hydrogen peroxide (H,0,) treatment. The void content is calculated using
equation (1)*:

V, = 100 — (Ve + V) with Ve = 5 Pis100 and v, = My Piiioo ()

M; pg Mi p,

where V¢, Vi, and V,, are the volumetric percentages (%) of the fibers, matrix, and voids
in the composite accordingly. My, and M; are the mass (g) of the sample after digestion,
and the mass of the sample before digestion. py, p,,, and p; are the densities (g/cm3) of the
fibers, matrix, and the CF/PEKK composite sample, respectively. pand p,, are 1.79 and
1.30 g/em?, according to the supplier data sheet.’”*® The density of composite laminate p;
is determined as 1.57 g/cm® according to ASTM D792/Method A, utilizing water
buoyancy in accordance with Archimedes’ principle.
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Accelerated hydrothermal aging of CF/IPEKK samples

The hydrothermal aging is carried out according to ASTM D5229 standard by using
3 repetitions of the composite samples to assess the impact of heat and water on the
composite samples. Initially, samples are dried in a 100°C oven for 24 h to remove any
moisture absorbed during the water jet cutting process. Subsequently, these samples are
weighed (M) before being subjected to accelerated hydrothermal aging. The accelerated
hydrothermal aging tests are conducted by immersing CF/PEKK samples in distilled
water at 70°C for 1000 h.*>" The reference CF/PEKK samples, which have undergone
aging, is named “Reference_ AA”. The samples are regularly weighed throughout to aging
process to determine the water uptake content. The average water uptake content (M) is
then calculated using equation (2):

M(%) = M, =M, 100 )

M,

where My, is the aged average weight of the sample (g), and My, is the average dry weight
of the sample (g).

When the samples reach the saturation point, they are subsequently reconsolidated in a
hot press to prevent any moisture loss during the process. This step ensures that the
samples retain their absorbed moisture content, allowing for a more controlled and
consistent evaluation of their behavior under the specified conditions.

Reconsolidation process

Reconsolidation is carried out using a hot press process which is an effective and
economical process, by MSE Hot Press LP_ A4SH50 450 to mitigate the effects of
drilling and hydrothermal aging, thereby enhancing the load-bearing capacity of the
samples. The hot press process is a more efficient method for reconsolidation since it
reduces the need for consumables, streamlining the procedure and reducing both pro-
cessing time and complexity. A frame is used during the hot press process, with the
samples placed symmetrically to ensure uniform laminate thickness and prevent any
reduction in thickness during reconsolidation. Thermalimide E polyimide film is placed
on the bottom and upper surfaces of the plate to prevent the composites from sticking
(Figure 2(a)). For the reconsolidation process, the composite laminates are initially heated
from room temperature to 380°C under 1 bar of pressure, with a heating rate of 10°C/min
to improve heat transfer efficiency. Once the target temperature is reached, the pressure is
increased to 10 bar and maintained for 30 minutes to facilitate reconsolidation. Finally, the
laminates are cooled at a rate of 10°C/min until room temperature is reached (Figure 2(b)).
This process is adapted from the literature, as summarized in Table S1.>°*°"* No resin
bleeding or thickness reduction is observed after the reconsolidation process, with the
final reconsolidated laminates maintaining a thickness of 3.15 mm. The CF/PEKK
samples that undergo the reconsolidation process before aging are labeled as “Re-
consolidated BA,” while those reconsolidated after the aging period are labeled as
“Reconsolidated AA.”
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Figure 2. Reconsolidation process: (a) Hot-press set up, (b) Temperature, and pressure cycle.

Thermal characterization

Thermal characteristics are determined through DSC and TGA. DSC analysis is em-
ployed to evaluate the thermal properties of VBO-manufactured CF/PEKK composite
laminates and study the impact of hydrothermal aging and reconsolidation on various
properties, including T,, melting temperature (Ty,), crystallization temperature (T),
melting/crystallization enthalpies, and X.. DSC measurements are conducted using the
Mettler Toledo DSC** analysis instrument with hermetic aluminum pans. Composite
samples approximately 25 mg in mass (corresponding to dimensions of (4 x 4) £ 0.1 mm),
are analyzed within a temperature range of 25°C—400°C, employing a heating/cooling
rate of 10°C/min under an inert nitrogen (N,) atmosphere with a flow rate of 50 mL/min.
The findings are evaluated by Mettler Toledo DSC+3 STARe SW16.30 software. The X,
is calculated according to equation (3) by comparing the melting enthalpy of the
composite to the melting enthalpy of PEKK material with 100% crystallinity (AH®,, =
130 J/g)**;
AH,,

X. = TR x 100 3)
where AH,, is the melting enthalpy obtained from DSC measurement, and Wy, is the
matrix weight fraction in the composite sample. The Wy, is obtained from fiber volume
content analysis and equals to 35.84 %.

Thermal degradation analysis was performed using a composite sample of approxi-
mately 120 mg in mass (with dimensions of (5 % 5) = 0.1 mm) via a Mettler Toledo TGA-
DSC3 + apparatus to evaluate thermal stability. The temperature range investigated was
25°C-1000°C, with a heating rate of 10°C/min under N, atmosphere. DMA is conducted
using the samples in the dimension of ((55 x 13 x 3.15) £0.1) mm, according to the ASTM
D7028-07 standard through Mettler Toledo DMA1 instrument in dual cantilever mode
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following the ASTM D4065 standard. The analysis is performed over a temperature range
0f 25°C-250°C employing a heating rate of 3°C/min at a frequency of 1.00 Hz. All of the
thermal analysis are repeated two times.

Mechanical characterization and damage monitoring

Compression tests are carried out to adhere to ASTM D6641 combined loading com-
pression. The samples are in dimensions ((140 x 13 x 3.15) £0.1) mm in height, width,
and thickness, respectively. The glass fiber tabs in the dimensions of ((63.5 x 13 x 2)£0.1)
mm are uniformly bonded adhesively at the sample ends. Tests are carried out using the
Instron 5982 Universal Testing Machine instrument with a 100 kN load cell. The
crosshead speed is maintained at 1.3 mm/min throughout the tests.

The OHC test is carried out in accordance with ASTM D6484 with sample dimensions
0of 300 mm (length), 36 mm (width), and 6 mm (center hole diameter). Tests are performed
on an Instron 5985 Universal Testing Machine equipment with a 100 kN load cell, and the
crosshead speed is maintained at 2 mm/min throughout the tests. Each mechanical test is
conducted three times.

Following the mechanical tests, microscopic observations of the fracture surfaces are
conducted using Nikon—LV100ND microscopy to gather information on the damage
mechanisms of quasi-isotropic CF/PEKK samples.

To monitor the full-field deformation of both compression and OHC samples
throughout the entire testing process, the DIC technique is employed. Spackle patterns,
applied with black and white spray paints with RAL codes 9005 and 9010 respectively,
are textured onto the surfaces of the samples. Sensor calibration is conducted in single
snap mode, following the manufacturer’s specifications for a calibration object measuring
(55 x 44) mm, with a working distance of 729 mm and a camera angle of 25°. Calibration
deviations of 0.025 pixels (limit value: 0.050 Pixels) and a scale deviation of 0.001 mm
(limit value: 0.005 mm) are achieved. Prior to mechanical testing, a reference mea-
surement is taken in single-image mode. During the test, recorded data undergoes post-
processing using ARAMIS professional software. Lagrangian strains of the spackle
pattern on the samples are analyzed, with a facet size of 17 pixels and a point distance of
15 pixels. Figure 3 shows an example of the surface components created in ARAMIS to
track the displacement vectors of compression (Figure 3(a)) and OHC (Figure 3(b))
samples.

Results and discussion

Void content analysis

Following the procedure outlined in previous section, My, and M; are measured as
2.0112 g and 3.1345 g for the reference sample and, 2.0490 g and 3.1178 g, for
reconsolidated sample, respectively in accordance with ASTM D3171/Method
B. Subsequently, the void volume fractions are calculated as (0.34 £+ 0.18) % and
(0.50 £0.20) % for the reference and reconsolidated composite samples, respectively,
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Figure 3. DIC technique implication and selected interest of region with white and black spackles
for (a) Compression samples and (b) Open hole compression samples.

using equation (1). The void content is crucial for enhancing the mechanical prop-
erties and structural integrity of the composite, excessive void content can signifi-
cantly weaken the structural integrity of the composite, leading to reduced mechanical
properties and increased susceptibility to failure under load, the ratio of less than 1% is
evidence of a successful manufacturing via VBO and reconsolidation process via hot-
press.*> The slight rise in void amount can be ascribed to reheating composites.
However, this negligible increase indicates the successful outcome of the re-
consolidation process in attaining desired void content levels, further confirms the
effectiveness of the reconsolidation technique in improving composite properties.*®

Hydrothermal aging results

The water uptake percentage of both compression and OHC samples as a function of time,
calculated using equation (2), is shown in Figure 4. Both types of samples had a mass gain
value of (0.26 £ 0.0025) wt.% and (0.23 + 0.0014) wt.% after 1000 hours, respectively.
This slight variation in mass gain values, namely water uptake percentages, can be at-
tributed to differences in sample size and geometry. Initially, the water uptake percentage
increases rapidly during the early stages of hydrothermal conditioning for both sample
types. However, this increase is more pronounced in the OHC samples due to the central
hole, which increases the area exposed to water. The drilling process introduces micro-
damages around the hole, facilitating quicker water ingress, resulting in a more rapid
initial water uptake for OHC samples compared to compression samples. After the initial
period, the rate of increase slows until the end of the conditioning period. The mass gain
results of all CF/PEKK samples in this study are consistent with the literature. Sukur
et al.”” has reported a similar water uptake trend, with a mass gain of 0.20 wt% for CF/
PEKK composites manufactured using automated fiber placement. Moreover, Mazur
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Figure 4. Mass gain (%) of the reference CF/PEKK composite samples as a function of the aging
period.

et al.® indicates that CF/PEKK composite samples reached a saturation limit with a water

absorption of approximately 0.22 % after 6 weeks of aging at 80°C and 90 % relative
humidity (RH). Water absorption in polymer composites primarily occurs through dif-
fusion from the sample surface, facilitated by microcracks, voids, or imperfections be-
tween the fiber and polymer matrix due to capillary action. Sukur et al.” has observed that
increased void content levels (5.13 + 0.38) % in composites led to a higher saturation
value of 1.14 wt% after 30 days of hydrothermal aging. Moreover, water tends to
penetrate the amorphous regions more than the crystalline regions of semicrystalline
polymers. The absorbed plenty amount of water acts as a plasticizer, potentially lowering
the T, of thermoplastic polymers and leading to degradation in mechanical properties
such as strength, modulus, and stiffness.*” After the reconsolidation process, the mass of
the hydrothermally aged samples decreases to near their initial states. Slange et.al.*® have
conducted ambient temperature conditioning (=23°C/50% RH) on the CF/PEEK samples
manufactured using hot press and AFP for 2 months to oven deconsolidation experiments.
They observed a weight loss of approximately 0.3% for the AFP specimens and 0.08% for
press-consolidated samples after oven deconsolidation at 390°C for 20 min. This decrease
is attributed to the removal of absorbed water and some minor changes in material
properties, such as density and the release of volatile components during heating.

Thermal characteristics

The heating and cooling curves of CF/PEKK samples before aging (BA) are shown in
Figure 5(a) and (b), while those after aging (AA) are presented in Figure 5(c) and (d). The
findings of the DSC analyses are summarized in Table 1. The T, of the reference
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composite is determined to be (146.85 + 1.30)°C from the second heating curve, which
increases by approximately 6.12% to (155.84 + 1.17)°C after reconsolidation. Addi-
tionally, the reconsolidated sample exhibits a X, of (19.26 + 0.87)%, an improvement over
the (15.65 + 0.26)%, X, of the reference sample, as calculated using equation (3). This
increase in crystallinity can be attributed to chain segment migration and reordering
during the reconsolidation process.*”*® As a result, the increased area of the crystalline
regions restricts the mobility of the amorphous regions, which in turn leads to a higher
glass transition temperature (T,) due to the more structured crystalline arrangement.*’ The
melting enthalpy value of the sample increases after the 1000-h aging period, resulting in a
crystallization degree of (25.82 + 1.24) %. This enhancement is attributed to post-
crystallization of the matrix, facilitated by temperature and water exposure. This process
allows polymer chains in the amorphous regions to gain sufficient mobility, enabling them
to reorient and recrystallize.”> Consequently, an increase in the T, is observed, reflecting
the more ordered crystalline structure. A negligible change in thermal properties after
aging suggests that reconsolidation does not significantly affect these properties. DMA is
frequently used to characterize the viscoelastic properties, temperature dependence,
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Figure 5. DSC results of reference and reconsolidated CF/PEKK composites: (a) Heating curve
before aging, (b) Cooling curve before aging, (c) Heating curve after aging, and (d) Cooling curve
after aging.



Table I. Average values of thermal and thermo-mechanical results of reference and reconsolidate CF/PEKK composites before and after aging.

DSC TGA DMA
Sample T, (°C) AH,, (/g) X (%) T4 (°C) Mass loss (%)  E' (GPa) E” (MPa) E’' onset (°C) T, (°C)
Reference_BA 146.85 £ 1.30 7.29 £ 0.12 15.65 £ 0.26 580.90 + 290 1240 £ 0.17 12.65 + 1.55 632.97 + 2.45 14431 + 430 141.30 £ 1.25
Reconsolidate_BA 155.84 + .17 898 + 0.41 19.26 + 0.87 58250 £ 238 1244 +£0.11 [11.39 £ 1.16 531.18 £ 275 148.52 £ 458 161.15 = 1.26
Reference_AA 155.05 £ 1.92 12.03 £ 0.58 25.82 + 1.24 57554 +2.87 1379 £0.23 11.77 £ 1.78 519.82 + 2.11 120.56 + 476 15851 + [.21
Reconsolidate_ AA 157.15 £ .15 11.59 + 0.43 24.88 + 0.93 580.09 £ 2.88 12.67 £ 0.13 13.69 £ 1.27 560.17 £ 2.26 136.05 + 5.08 156.76 + 1.03

Ip 13 spwig
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frequency dependence of modulus, transition temperatures more precisely. Therefore, the
effects of aging and reconsolidation on T, are discussed in greater detail and with en-
hanced sensitivity in the DMA results, as recommended in the literature.”'

The thermograms from TGA analyses of CF/PEKK composites are presented in
Figure 6. The major decomposition mechanism occurs at around 500°C to 680°C which is
associated with random chain scission of the ether and ketone bonds.>” It is noted that
there is no significant change in the total mass loss and decomposition temperature (Td)
between reference and reconsolidated CF/PEKK composite samples before aging pro-
cess. This demonstrates that subjecting the material to a processing cycle shorter than first
manufacturing cycle did not affect the thermal stability of the composite and therefore did
not initiate decomposition. Nevertheless, after aging, there is a decrease in T4 from
(580.90 £2.90)°C to (575.54 +2.87)°C and weight loss (%) is increased (Table 1). These
results indicate a reduction in thermal stability following hydrothermal aging, as evi-
denced by lower temperatures corresponding to % weight loss. This decline in thermal
stability is likely attributed to the synergistic effects of thermal and hydrolytic degra-
dation.™ However, it is observed that after hot-wet aging period, a subsequent re-
consolidation process is led to reaching decomposition temperature and mass loss levels
similar to those of the reference sample. This suggests that the thermal stability and mass
loss characteristics of the material return to a state comparable to the original reference
material after the reconsolidation process.

Thermomechanical behavior analysis

Figure 7 presents the DMA curves of the reference and reconsolidated CF/PEKK
composite samples as a function of temperature, detailing the storage modulus (E), loss
modulus (E”), and tan(8), both before and after aging. The findings are tabulated in
Table 1. DMA is a sensitive technique that enables the study of polymeric chain re-
laxation, including determining parameters like the glass transition temperature and
understanding how mechanical properties evolve during relaxation. The storage modulus
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Figure 6. TGA (straight line) and DTG (dashed line) curves of reference and reconsolidate CF/
PEKK composites: (a) Before aging and (b) After aging.
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reflects the elastic response of a material, representing the energy stored and recovered
during deformation, while the loss modulus indicates the viscous response, representing
the energy dissipated as heat.”* From the DMA results, it is observed that the storage
modulus decreases from (12.65 + 1.55) GPa to (11.39 + 1.16) GPa (Figure 7(a)), and the
loss modulus decreases from (632.97 + 2.45) MPa to (531.18 = 2.75) MPa (Figure 7(b))
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after the reconsolidation process for samples before aging. This reduction in modulus
values is attributed to changes in the composite structure caused by the heat and pressure
during reconsolidation. Since reference samples structure likely retained higher residual
stress and stiffness, reconsolidation can relax and redistribute residual stresses, it may also
lead to a decrease in modulus values.*'*> Similarly, the decrease in the loss modulus after
reconsolidation is due to the sample experiencing lower stress and thus requiring less
energy input, reflecting a reduced viscous response and less energy dissipation as heat.>®
However, the onset of the transition temperature increases by 2.92% to (148.52 £4.58)°C
compared to the reference sample (Figure 7(a) and (b)), indicating improved thermal
stability. This behavior suggest that the material begins to deform and soften at a higher
temperature.”’

At the end of the 1000-h hot-wet aging period, the storage modulus (Figure 7(d)), loss
modulus (Figure 7(e)), and the onset temperatures of transition decreased significantly
compared to Reference BA sample, as shown in Table 1. The onset temperature of
storage modulus of the CF/PEKK sample decreased by 16.45 % from (144.31 +4.30)°C
to (120.56 + 4.76)°C (Figure 7(d)), demonstrating that the aging process reduces the
service temperature limits of the material. The combined effect of moisture and water can
initiate various degradation mechanisms, weakening interfacial adhesion strength be-
tween the fiber and matrix, ultimately reducing the storage modulus.”> Following the
aging period, the loss modulus decreases from (632.97 + 2.45) MPa to (519.82 + 2.11)
MPa (Figure 7(e)), suggesting a reduction in the amorphous phase content within the CF/
PEKK composite as it ages. This decrease can be attributed to an increase in the degree of
crystallinity, likely resulting from post-crystallization through the structural rearrange-
ment of PEKK as indicate in literature.” However, reconsolidation may have healed some
micro-damages induced during the aging process, which counteracts the softening effects
of aging.

The T, values obtained from the tan () graph (Figure 7(c) and (f)) are consistent with
the DSC analysis results. The reconsolidation effect is particularly evident in samples that
are not subjected to aging. After reconsolidation of the reference samples, the T, value
increased by 14.04 %, reaching (161.15 + 1.26) °C. This increase confirms the en-
hancement of crystalline areas following the reconsolidation process, as explained in
previous section, resulting in a more organized crystalline structure and, consequently, an
observed increase in the T, value.*” The T, of the CF/PEKK sample increased to
(158.51 £ 1.21)°C after the 1000-h hot-wet aging period. The elevated temperature and
moisture conditions enhance chain mobility in the amorphous region, leading to an
increase in polymer crystallinity, often referred to as secondary crystallization. This
process can result in the formation of new lamellaec within the amorphous region, fa-
cilitated by the high temperature.’®>" The slight decrease in T, after reconsolidation can
be attributed to a minor reduction in the degree of crystallization, as explained in the DSC
results. However, this decrease is negligible, as the similar T, values between the
Reference AA and Reconsolidate AA samples indicate that the reconsolidation process
effectively mitigates the effects of moisture uptake and temperature exposure. This re-
covery is due to the reformation of crystalline regions, aided by the applied temperature
and pressure. Furthermore, the results from both DMA and DSC analyses confirm that the
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thermoplastic material retains its thermal properties through reconsolidation process. The
inherent ability of thermoplastic materials allows for the formation of crystalline lamellae
during heating and cooling, demonstrating successful consolidation.

Mechanical test results

The compressive and open-hole compressive behavior of CF/PEKK samples are in-
vestigated to assess the effects of reconsolidation, including the impact of hydrothermal
aging. The compressive performance of samples is evaluated with ASTM
D6641 standard, following the Combined Loading Compression method. The com-
pressive stress-strain curves of samples before and after aging are given in Figure 8. The
VBO manufactured, Reference BA sample is presented a compression strength of
(489.94 + 9.69) MPa that is compatible with literature results.*® The compressive strength
is increased to (576.72 + 17.02) MPa by reconsolidation (Figure 8(a)). Additionally, the
material’s elastic region exhibited higher strain values compared to the reference sample.
This improvement is attributed to the enhanced bonding quality between the fiber and
matrix, defect closure due to pressure application during the reconsolidation process, and
the effective reduction of residual stresses, all of which positively contribute to the
mechanical properties of the composite material.>> Upon comparing compression samples
through microscopy investigation, it is observed that the delamination between layers,
particularly in the central region, is reduced in the fracture area of the reconsolidated
sample (Reconsolidate BA) compared to the reference sample (Reference BA), as
shown in Figure 9(a) and (b). This reduction in delamination indicates increased re-
sistance of the sample, contributing to its higher strength under compressive load.
After the hot-wet aging period, the compressive strength of the Reference AA samples
increased by 25.95% compared to the Reference BA sample, reaching (617.09 + 10.90)
MPa (Figure 8(b)). This increase in compressive strength is attributed to post-
crystallization reactions influenced by aging. However, water absorption has altered
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Figure 8. Compressive behavior of reference and aged CF/PEKK samples: (a) Stress-strain curves
and, (b) Bar chart of maximum compressive strength, before and after reconsolidation.
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the fracture behavior. Despite the increased strength of the Reference AA samples,
delamination in the central region is more severe compared to the Reference BA sample
(Figure 9(c)). The delamination between the layers has increased, and fiber fractures are
observed. Additionally, the outer 45° layers have completely pulled out. This is attributed
to the weakening of the interface with aging, which facilitates fiber-matrix debonding
through swelling and increased interlayer delamination.’ In contrast, the delamination
between layers is reduced, and fiber pull-out is less pronounced in the Reconsolidate AA
samples, which have a decreased compressive strength of (569.46 + 13.78) MPa after
reconsolidation (Figures 8(b) and 9(d)). The reduction in compressive strength is linked to
the reconsolidation process, where controlled heat and pressure applied during hot-
pressing recover the effects of hydrothermal aging. This is supported by the fact that the
compressive strength of the reconsolidated samples is nearly the same as before.
Given that drilling is an integral process in the production of aircraft components, it is
essential to comprehensively understand the behavior of drilled samples under com-
pressive loading. To this end, open hole compression tests are conducted in accordance
with ASTM D6484. The stress-strain curves obtained from these tests are illustrated in
Figure 10. The open hole compressive strengths of the reference and reconsolidated CF/
PEKK samples are determined to be (233.87 = 10.01) MPa and (322.62 + 6.29) MPa,
respectively (Figure 10(a)). Moreover, the strain values increased by 29.3%. It is believed
that reconsolidation relieves residual stresses in the matrix, thereby enhancing both the
stiffness and toughness of the CF/PEKK samples. This improvement is observed in open
hole compression tests and is also applicable to compression tests (Figures 8(a) and
10(a)).°® Furthermore, from the images in Figure 11(a), minor delamination is observed
around the hole following the drilling process. The stress concentration around the hole

—Load direction 1000 pm

Figure 9. Optical microscopy images of compression samples after test, (a) Reference_BA, (b)
Reconsolidate_BA, (c) Reference_AA, (d) Reconsolidate_AA.
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Figure 11. Optical microscopy images of the sample around the hole (a) After drilling, (b) After
reconsolidation.

may result in a reduced resistance under load.®’ However, reconsolidation following
drilling visibly improves surface quality, particularly around the hole, which correlates
with increased OHC strength. Failure occurred in a similar manner in Reference BA and
Reconsolidate BA samples, with cracks forming perpendicular to the direction of the
applied load and propagating along the width of the sample (Figure 12(a) and (b)).

It is observed that following the hot aging process, both the open hole compressive
strength and strain values exhibit a trend similar to the increase in overall compressive
strength. The open hole compressive strength increases from (233.87 + 10.01) MPa
(Reference BA, Figure 10(a)) to (336.91 +5.51) MPa (Reconsolidate AA, Figure 10(b)).
It is believed that high temperatures and water exposure during aging cause post-
crystallization reaction in the matrix and reduce residual stresses from the laminate.
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The absorbed water likely acts as a plasticizer for the polymer matrix, facilitating the
alleviation of residual stresses within the material.>®*"%>% However, despite the increase
in strength value, the sample fractured into two pieces along the perpendicular axis of the
applied load direction as seen in Figure 12(c). As stated above, when water molecules
penetrating composite samples can weaken the fiber-matrix interface, promoting fiber to
detachment due to swelling, and causing more catastrophic failure. A similar trend are
observed in the strength values of reconsolidated open hole samples at the end of the aging
period. The strength value of Reconsolidate AA sample is decreased to (314.98 £ 5.30)
MPa compared to Reference AA (Figure 10(b)). Fortunately, with reconsolidation, the
catastrophic detachment failure is recovered (Figure 12(d)) and the failure is similar to
Reference BA and Reconsolidate BA samples.

The compressive properties of the compression and open hole compression samples
after reconsolidation (Reconsolidate AA and Reconsolidate BA) are nearly identical.
This suggests that the reconsolidation process effectively removes absorbed water and
restores the physical changes in the polymer matrix that occurred during the aging period.
The decrease in average mass and other analyses corroborate the conclusions drawn from
the mechanical tests. A similar phenomenon has been reported in the literature; for
instance, Bel Haj Frej et al.** documented a recovery in the tensile properties of acrylic
thermoplastic composites after drying following an aging period at 40°C. Additionally,
the reconsolidation process aids in repairing damage incurred during machining by
applying controlled heat and pressure. Residual stresses in thermoplastic composites are
relieved through reconsolidation due to the thermal history and processing conditions.
During reconsolidation, the heating and cooling phases can lead to the relaxation or
redistribution of residual stresses. The observed increase in strength and improvement in
failure behavior of samples after aging are attributed to this stress relaxation.®

— Load direction 11000 pm

Figure 12. Optical microscopy images of open hole compression samples after test: (a)
Reference_BA, (b) Reconsolidate_BA, (c) Reference_AA, and (d) Reconsolidate_AA.
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Digital image correlation (DIC) Inspection

To comprehensively understand the effect of reconsolidation, mechanical tests are
supported by DIC which is a non-contact optical method that provides full-field strain
measurements, allowing for precise monitoring of strain distribution and deformation
patterns in the samples.®® This technique enables the identification of strain relief and
redistribution due to the controlled heat and pressure applied during the reconsolidation
process. Figure 13 presents the compressive (right) and shear (left) strain maps of the
compression samples at maximum load values. A non-uniform compressive and shear
strain distribution is observed in the Reference BA sample indicating insufficient load
transfer under compressive loading. This is also implied by the delamination-dominated
failure of Reference BA sample as shown in Figure 9(a). In contrast, a more homogenous
compressive and shear strain distributions are observed for the Reconsolidate BA
sample. It is clear that the reconsolidation process eliminates residual stresses occurred
during the manufacturing process, leading to enhanced damage resistance and higher,
compressive strength and strain values compared to Reference BA sample with less
catastrophic delamination as seen in Figure 8(b).

In the Reference AA sample, shear and compressive strain areas are increased
compared to their unaged counterparts. As mentioned in the previous section, a small
amount of water entering the composite sample during aging has a plasticizer effect,
which causes non-uniform strain distribution and leads to higher compressive perfor-
mance. However, delamination is more prominent as seen in Figure 8(c). Thus, the strain
distribution is more balanced after reconsolidation in Reconsolidated AA samples.
Additionally, the strain distribution becomes more uniform, guesting the removal of
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absorbed moisture, which agrees with the weight change results (Figure 4) and indicates
improved bonding quality with reconsolidation.®’

The compressive strain (right) and shear strain (left) distribution maps of OHC samples
at maximum load values are displayed in Figure 14. High compressive and tensile strain
regions at the circumference of the hole are observed in all samples. In the Reference BA
sample, the high compressive strain regions are not aligned perpendicular to the loading
direction, indicating inadequate load transfer around the periphery of the hole. This is also
apparent in the shear strain distribution map, where the shear strains and stresses are not
spread evenly over the sample. In contrast, the high compressive strain regions in the
Reconsolidated BA sample are aligned perpendicularly to the loading direction, and the
shear strains are widespread across the sample. This behavior can be attributed to the
reconsolidation process enhancing the perforation surface, as seen in Figure 11.
Moreover, the improvement in strain distribution also enhances the failure behavior, as
delamination is diminished, as seen in Figure 12(b).

After the aging period, it is observed that the high compressive strain regions are less
tilted with respect to loading direction in the Reference AA sample compared to those in
the Reference BA. This indicates that the aging process facilitates efficient load dis-
tribution around the hole by closing the microcracks formed during drilling, hence re-
sulting in improved compressive strength compared to the reference counterpart.
However, the water leads localized strain areas, weakening the interface between fiber and
matrix, and consequently causing catastrophic failure (Figure 12(c)). The shear strain
distribution is more balanced in the OHC sample after reconsolidation, suggesting a
reduction in localized shear deformation. Consequently, recovery in the delamination
behavior (Figure 12(d)).
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In summary, the reconsolidation process effectively restores CF/PEKK composites by
mitigating drilling damage and hydrothermal aging, improving mechanical performance
and reducing moisture absorption based on the results. However, certain limitations
should be considered when ensuring uniform heat and pressure distribution for the repair
of large structures. Processing methods tailored for this purpose should be developed.
Among existing manufacturing techniques, thermoforming can also be considered a
potential candidate for this application, which involves a three-stage process, heating the
material blank with thermal deconsolidation, followed by part forming and re-
consolidation in a matched tool,®® overcomes certain limitations regarding large scale
applications. However, repeated reconsolidation cycles may lead to cumulative aging
effects, such as increased brittleness or microcracking. Despite these limitations, it re-
mains a promising method for extending composite durability.

Conclusion

This study demonstrates the effect of reconsolidation in improving the mechanical
properties and structural integrity of CF/PEKK composites subjected to drilling and hot-
wet aging. The application of heat and pressure during the reconsolidation process
significantly mitigate the damages caused by drilling and hydrothermal aging. The re-
consolidated samples exhibit enhanced mechanical properties, with compressive strength
increased by 15.61% in compression samples and by 37.61% in OHC samples before
aging. Moreover, reconsolidation effectively recovers the catastrophic effects of aging.
DIC results reveal that the reconsolidation process effectively restored the deformation
characteristics of the material to near initial states, as evidenced by the more uniform
strain distribution in reconsolidated samples. This indicates a reduction in stress con-
centrations that typically lead to premature failure. Furthermore, thermal analysis indi-
cates a notable increase in the glass transition temperature, T,, and degree of crystallinity,
X, in the reconsolidated samples, supporting the mechanical analysis results. Specifi-
cally, in samples before aging, X, and T, increased by 20.94% and 5.97%, respectively.
Overall, the findings of this study suggest that reconsolidation offers a promising solution
for maintaining the structural and functional integrity of CF/PEKK composites in
aerospace and other high-performance applications. Further studies are required to
evaluate the durability of reconsolidated composites under extended service conditions
and repeated repair cycles to overcome the limitations.
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