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Abstract

This study investigates the effect of the annealing treatment for carbon
fiber reinforced Polyether-ketone-ketone (CF/PEKK) composite structures
under flexural and compressive loadings through reference, pre-damaged, and
annealed sample sets. Significant recovery of pre-existing damage is observed
after the annealing process, following both flexural and compressive loading.
Acoustic emission (AE) inspection is employed to monitor the failure behavior
and assess the impact of pre-damage and annealing on CF/PEKK composite.
Initially, AE inspection reveals that the reference CF/PEKK material exhibits a
notable fiber-related failure with 85% of cumulative AE counts under flexural
load, whereas matrix-related failures are more pronounced with 92% cumula-
tive AE counts under compressive load. Pre-damages in the matrix alter the
cumulative count percentages and initiation time that are related to matrix,
interface, and fiber-related failures, under flexural and compressive loadings.
After annealing, each cumulative AE count percentages are comparable to ref-
erence sample values, due to changes in microstructure and relieving of resid-
ual stresses. The annealing effect is further validated through dynamic
scanning calorimetry (DSC) analysis results with increased glass transition
temperature (Tg) and degree of crystallization (X.). Overall, these findings indi-
cate that annealing treatment effectively restores structural integrity and

improves the mechanical performance of CF/PEKK composites.
Highlights
« Annealing aims for damage recovery in CF/PEKK under flexural and com-

pressive loads.

« Significant damage recovery in CF/PEKK is seen after annealing.
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medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

High-performance thermoplastic polymers are receiving
increased attention in the aerospace industry for composite
production. Thermoplastic composites (TPCs) provide sev-
eral advantages over their thermoset counterparts, including
compliance with aeronautical mechanical specifications,
room-temperature storage, recyclability, and more efficient
processing methods." PEKK is a semicrystalline polymer
that belongs to the Poly Aryl Ether Ketone (PAEK) family,
with a glass transition temperature (T,) at 160°C, a moder-
ate processing temperature (330-380°C), and high strength
and stiffness.* The combination of these characteristics
makes PEKK highly suitable for manufacturing aerospace
structures. The manufacturing of TPCs can be performed
with autoclave consolidation, automated tape laying (ATL),
automated fiber placement (AFP), compression molding,
and vacuum-bag-only (VBO). Among these, the VBO pro-
cess stands out as a fast and cost-effective manufacturing
process compared to the traditional autoclave method. How-
ever, there are limited studies in the literature addressing
the manufacturing challenges of VBO for TPCs, which face
constraints due to limited vacuum pressure.” Zhang et al.®
investigated void reduction during VBO processing for high-
performance carbon fiber reinforced thermoplastic compos-
ites with varying thicknesses and presented the processing
window for thick composites with low void content. In
another study, Swamy et al.® outlined the process design to
promote air removal for CF/PEKK laminates by VBO
consolidation.

Damage can occur both during the manufacturing of
composite structures and throughout service life under vari-
ous loading configurations. Manufacturing-related damages
include porosity, voids, micro-cracks in the matrix, delami-
nation, fiber waviness, interface debonding, surface gouges,
drilling holes, and impact damage (e.g., dropped tools on
the parts).” Furthermore, composite structures are engi-
neered to withstand a variety of loading types, with flexural
and compression loads being notable examples. Each load-
ing type induces specific failure modes, which are critical to
the structural performance of aerospace structures, particu-
larly during critical phases like takeoff, landing, turbulence,
and maneuvers. Therefore, understanding the damage evo-
lution in TPCs is a critical issue to ensure the safety and
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- Annealing raises T, and crystallinity, and enhances CF/PEKK structural

acoustic emission inspection, annealing, mechanical characterization, thermoplastic

reliability of service life, especially in cases where micro-
cracks are introduced in the matrix, which can trigger
catastrophic failure.® In this regard, the AE method is a pas-
sive non-destructive evaluation (NDE) method generally
employed to identify damage types and classify them,
contributing to the understanding of damage formation
and evolution in composite materials and structures under
various loading conditions. This is achieved by recording
temporary elastic waves caused by rapidly released energy
due to the damage.” Several studies have employed AE
inspection to classify damage types in CF/PEKK composites
under tensile loading. For example, Yildirim et al.'® charac-
terized the damage evolution of CF/PEKK composites
using AE and revealed that the tensile failure behavior tran-
sitions from matrix-dominant to fiber-dominant as the load
increases. They further noted that the onset of fiber-
dominated failure aligns with a gradual increase in the
material stiffness under tensile loading, which was observed
through clustering and analyzing AE hits and counts.
Sukur et al."' highlighted accelerated aging on the damage
mechanism of CF/PEKK composites under tensile load and
they demonstrated that the clusters of matrix cracking and
interface failures increased after 30 days of hot-wet aging.
They associated this rise with inhibiting the motion of poly-
mer segments. However, a comprehensive examination of
the damage evolution on the CF/PEKK composite under
different load configurations, specifically for flexural and
compressive loads, has yet to be conducted using acoustic
emission inspection.

Repair methods are crucial for restoring damage and
preserving the overall structural integrity of composite
materials. When compared to replacing damaged parts
entirely, employing repair techniques proves to be a more
cost-effective solution. TPCs possess the unique capability
to remelt and reform within a short timeframe, making
them responsive to repair through the application of heat.
Crucial techniques in the repair process of TPCs include
welding methods, that entail applying heat to the dam-
aged area, partially melting the matrix in the interface
region, and fusing the damaged region.” However, weld-
ing methods are generally suited for the localized repair
of damaged areas in composite structures and may not
effectively address widespread damages that occur within
the structure.'” To address the healing of more extensive
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damage types like matrix cracking and delamination,
annealing emerges as a significant thermal treatment
process. Annealing is conducted above the glass transi-
tion temperature (Ty) and below the melting temperature
(Ty,) of the semicrystalline thermoplastic matrix, and it
facilitates the reduction of residual effects from
manufacturing and operational activities by increasing
crystallinity, hence enhancements in structural perfor-
mances of the material.* For instance, Regis et al.'* dem-
onstrated an increase in the crystallinity degree of carbon
fiber reinforced poly-ether-ether-ketone (CF/PEEK) from
32.3% to 33.7% through annealing at 200°C. Their flexural
tests revealed a significant correlation between mechani-
cal properties and the rise in crystallinity, with the maxi-
mum flexural load showing improvement post-annealing.
Similarly, Yu et al.'® applied annealing heat treatment at
150°C, slightly above the T, for 60 min to 3D-printed
CF/PEEK laminates. This resulted in an increase in crys-
tallinity from 11.3% to 13.8% and subsequently enhanced
interlaminar shear strength values, reflecting a 16%
recovery. Thus, the annealing process facilitated
increased mobility of PEEK molecular chain segments,
leading to enhanced interlayer bonding strength. More-
over, a gradual increase in mechanical properties was
observed with increasing annealing temperatures, up to
T, While many previous studies have primarily treated
annealing as a post-manufacturing process, it holds sig-
nificant potential as an effective repair method for
addressing widespread matrix damage that occurs during
the manufacturing or operation of large-scale thermo-
plastic composite structures. Conejo et al."® demonstrated
that applying thermal treatment by hot-press to
CF/PAEK composites after impact, restored compression
strength. Samples impacted with 57J returned to their
original strength, while those impacted with 10 and 30J
showed partial recovery. Despite its potential, the litera-
ture lacks sufficient exploration of the impact of anneal-
ing treatment on damage healing in thermoplastic
composites, including mechanical characterization and
failure mechanisms.

This study aims to investigate the effect of annealing
on pre-existing damages in TPCs and to gain insight into
their mechanical and fracture behavior, leveraging AE
inspection of CF/PEKK composites manufactured through
the VBO process. To the best of the authors' knowledge, a
comprehensive investigation has not been previously
undertaken in the literature. To achieve this goal, pre-
damages are induced into composite samples by applying
pre-determined loads identified through acoustic emission
inspection. Subsequently, the pre-damaged samples
undergo annealing. Void content and DSC analyses are
conducted to assess the microstructural and thermal qual-
ity of the VBO-manufactured thermoplastic composite,
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FIGURE 1
process.

Schematic illustration of vacuum-bag-only (VBO)

respectively. Three-point bending and compression tests
are performed to analyze the impact of pre-damage and
annealing treatment on the mechanical performance of
the CF/PEKK samples. An in-situ damage monitoring
method, AE inspection, is employed during mechanical
tests to comprehensively understand the damage mecha-
nism of the reference, pre-damaged, and annealed
CF/PEKK composite samples.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

Toray Cetex"TC1320 carbon fiber reinforced poly-ether-
ketone-ketone (CF/PEKK) unidirectional tape, sourced
from Toray Advanced Composites, USA, is used for com-
posite laminate manufacturing. The tape boasts a nominal
thickness of 0.15 mm and a width of 305 mm. It features a
resin content of 34% by weight, a fiber areal weight (FAW)
of 145 g/m?, a prepreg areal weight (PAW) of 221 g/m?,
and requires a processing temperature of 370°C."”

2.2 | Manufacturing of composite
laminate

In this study, firstly the CF/PEKK tapes are cut in the
dimensions of 110 x 310 x 3.2 + 0.2 mm® using a digital
cutting machine (ZUND G3-L3200). CF/PEKK laminates
are fabricated by the VBO process, as illustrated in Figure 1.
The layup configuration of laminates follows a
quasi-isotropic and symmetric pattern with a stacking
sequence of [0/45/90/(—45),/90/45/(0),/45/90/—45],. Before
the layup process, a release agent (Loctite Frekote 700-NC)
is sprayed onto the steel plate and allowed to set for 30 min.
Subsequently, a polyimide perforated release film, UPILEX®
25S is placed on the top and bottom of the composite lami-
nate to facilitate easy release. Following these preparatory
stages, the lamination of composite tapes is laid up in quasi-
isotropic configurations as mentioned above. Woven glass
fabric Bleeder Lease® E-peel ply is positioned at the bottom
and top of the composite laminate. Additionally, the Air-
weave® UHT800 nonwoven ultra-high temperature fiber-
glass breather is introduced on top of the perforated release
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film to aid in air evacuation and sustain vacuum levels.
Finally, the laminate is covered with Thermalimide E polyi-
mide film and securely sealed using A-800 3G sealant tape,
making it ready for place into the oven as described by
Swamy et al.?

Before being placed into the oven (Sistem Teknik—
CCO0-800-1461-1804) the vacuum of the layup is set at
1 atmosphere (atm) and maintained for 24 h debulking.
Subsequently, the prepared vacuum bag layup is placed in
the oven after keeping the preform under vacuum for 24 h
and exposed to a heating cycle, with the vacuum pump set
at 1 atm to maintain constant pressure during the process.
The oven temperature gradually increased to 250°C at a
heating rate of 4°C/min. Subsequently, a further incre-
ment to 378°C is applied at a rate of 3°C/min."® The lami-
nates are kept at this elevated temperature for a dwell
period of 90 min.> Then, the temperature is lowered to
room temperature at a constant cooling rate of 3°C/min.

2.3 | Material and thermal
characterization

The density of the CF/PEKK composite sample is
determined by ASTM D792/Method A, based on the
water buoyancy (SHIMADZU-AUX220), following
Archimedes’ principle. To analyze the void content and
fiber volume fraction of the CF/PEKK samples, ASTM
D3171/Method B is employed, involving two samples
sized at 25 x 25 mm?, subjected to matrix digestion
with acid treatment in the three-neck glass flask. The
void content is calculated using the relations provided
in Equation (1)"%;

V, =100 — (Vi 4 V) with

M o
Vi=—LxPiy100and
M; p¢ (1)
M — M .
V= P00
Mi pm

where V¢, Vi, and V, are the volumetric percentages (%)
of the fibers, matrix, and voids in the composite accord-
ingly. M, and M; are the mass (g) of the sample after
digestion, and the mass of the sample before digestion.
e, Pms and p; are the densities (g/cm’) of the fibers,
matrix, and the sample, respectively.

Optical microscopy images are captured using
Nikon—LV100ND metal microscopy to analyze the void
content and their distribution in the composite laminates.
Samples are molded in epoxy (BUEHLER-VariDur200)
and prepared for cross-sectional analysis, with surface
polishing performed to improve image clarity. Further-
more, after conducting mechanical tests, the optical
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microscope is utilized to examine the fracture surface of
the composite samples.

DSC measurements are performed by using the Mettler
Toledo DSC™ analysis instrument in order to determine
the degree of crystallization and thermal behavior of the
CF/PEKK composites. All DSC experiments are carried out
under an inert nitrogen (N,) atmosphere with a flow rate of
50 mL/min, within a temperature range of 25-400°C with a
heating/cooling rate of 10°C/min. The X, is calculated
based on the melting enthalpy of the composite and melting
enthalpy corresponding to PEKK material with 100% crys-
tallinity (130 J/ g), with the following equation®®;

AH,
Xe =g x 100 (2)
AH,, x W,

where AHy, is the melting enthalpy obtained from DSC
measurement, AH®;, is the melting enthalpy of PEKK
resin with 100% crystallinity, and Wy, is the matrix
weight fraction in the composite sample.

2.4 | Mechanical characterization and
damage analysis

To evaluate the mechanical properties of CF/PEKK lami-
nates, three-point bending, and compression tests are
performed following ASTM D790 and ASTM D6641 stan-
dards, respectively. The Instron 5982 Universal Testing
Machine, equipped with a static load cell of +100 kN
(as shown in Figure 2A,B), is employed for testing. Sam-
ples, measuring 12.7 mm in width, 61.5 mm in height,
and with a thickness of 3.2 + 0.2 mm for bending sam-
ples, and 140 mm x 13 mm X 3.2 + 0.2 mm? for com-
pression samples. The cross-head speed is set to 1.3 mm/
min during the tests. The combined loading compression
(CLC) method! applies both end- and shear loading to
the sample which ensures reliable results by preventing
the crushing of sample ends, thus eliminating the need
for repetitive testing.

In this study, the three-point bending and compres-
sion tests are complemented by AE inspection to
provide detailed damage detection. Additionally, AE
analysis is used to determine the optimal pre-load
levels to generate pre-damage under flexural and com-
pression loadings. AE serves as a non-destructive test-
ing method, involving the detection and analysis of
transient stress waves or acoustic signals generated
within a material during deformation or damage.’
Throughout the mechanical characterization experi-
ments, AE data are continuously captured using a sys-
tem equipped with two wideband piezoelectric sensors
(PICO-200-750 kHz, Mistras) and AEwin PCI2
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FIGURE 2 The mechanical test setups for (A) three-point bending and (B) compression tests with corresponding acoustic emission

sensor placements.

software. These sensors are mounted on the composite
laminates during tests at an equal distance from the
supporting spans as shown in Figure 2A,B for three-
point bending and compression tests, respectively. The
Physical Acoustics 0/2/4 voltage preamplifier is employed
to output a signal with an enhancement (gain) of 20 dB in
a single mode. The data acquisition parameters are set to a
threshold value of 40 dB, a peak definition time (PDT) of
50 ps, and a hit definition time (HDT) of 150 ps. The hit
lockout time (HLT) parameters are adjusted at 200 and
300 ps for flexural and compression tests, respectively, in
order to collect data efficiently.'®™ The Bessel band-pass
filter, operating within the frequency range of 20 to
800 kHz, is employed for noise mitigation in the acquired
signals. Examination of the temporal distribution of acous-
tic emission signals reveals a scarcity of AE activity during
the initial phase of linear deformation. However, during
the intermediate and concluding stages of linear deforma-
tion, the occurrence and amplitude of AE signals manifest
a notable and progressive augmentation over time. The
post-processing of acoustic emission signals involves the
utilization of Noesis 7 software to extract waveforms. Sub-
sequently, the clustering of acoustic events is executed
through a MATLAB script. The determination of the opti-
mal number of clusters corresponding to distinct damage
types is conducted by employing the Calinski-Harabasz
criterion,* considering both the amplitude and peak fre-
quency of the collected acoustic data. The k-means cluster-
ing algorithm is applied to categorize the acoustic events,
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wherein each data point is assigned to the cluster with the
nearest mean.>

2.5 | Annealing treatment

Annealing is a heat treatment process commonly used
for improving the mechanical properties and stability
of material.** Annealing can be carried out by increas-
ing the temperature of the composites above the glass tran-
sition temperature (T,) and below the melting temperature
(Tyw) of the matrix. The annealing temperature, time, and
cooling are important to increase the mobility of polymer
chains and recrystallization.>?® During the heating and
dwell time, the molecular chain relaxation occurs and
enables the realignment of the chains.”” During the cooling,
polymer chains lose mobility, they rearrange into ordered
crystalline structures through nucleation and growth pro-
cesses which leads to an improvement in the degree of crys-
tallinity.”**® Additionally, increased molecular mobility
promotes stronger interfacial bonding and reduces the pres-
ence of voids or weak points between the fiber and matrix.
Also, relaxation of residual stresses occurs during annealing
treatment, and internal stresses, accumulated during
manufacturing and previous loadings, are relieved.”> By
increasing crystallinity and reducing residual stresses,
annealing not only improves the bulk mechanical proper-
ties but also strengthens the fiber-matrix interface. These
changes, enhancement of the crystallinity level of the
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thermoplastic matrix, induce a decrease in residual effects
within the material, directly contribute to the mechanical
properties. Increased crystallinity enhances strength, while
stress relaxation contributes to the composite's ability to
recover from pre-existing damage. The bonding between
fibers and the matrix in the composites is fundamental
to efficient load transfer. A strong interfacial bond
ensures that the stress applied to the composite is effec-
tively distributed between the fiber and matrix, mini-
mizing the risk of matrix cracking, fiber pull-out, or
delamination under mechanical loads.?® Therefore, the
thermoplastic composite samples are exposed to an
annealing process within an oven to mitigate pre-
damages that are induced in the sample and recover
any adverse mechanical effects that may be present. In
this study, the pre-damaged samples are annealed in
an oven (Pol-Eko-Aparatura—SLW 115 IG SMART) for
one hour dwell time at 180°C. The maximum tempera-
ture is selected at 20°C higher than the glass transition
temperature of PEKK resin'® and the heating and cool-
ing rates are set at 8°C/min. Afterward, DSC and
mechanical analyses are repeated at the same condi-
tions for the annealed samples.

3 | RESULTS AND DISCUSSION

3.1 | Void content analysis

The void content of the CF/PEKK composite laminate is
determined based on the densities of composite lami-
nate, matrix, and fiber. The densities of UD carbon fiber
and PEKK matrix are 1.79 and 1.30 g/cm’, respectively.
The density of the composite laminate is calculated as
1.57 g/cm® using ASTM D792/Method A. The weight

0.0
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FIGURE 3
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percentages of fiber (W) and matrix (W,,) are measured
at 65.65+0.11% and 34.35+ 0.11%, respectively,
according to ASTM D3171/Method B standard. Subse-
quently, void content is calculated as 0.61 + 0.18% using
Equation (1).

3.2 | Thermal characteristics of the CF/
PEKK composite and the effect of the
annealing treatment

In this study, the impact of annealing on the thermal
properties of CF/PEKK composites is assessed, focusing
on parameters such as the Ty, crystallization temperature
(T.), melting temperature (T,,), and X.. The DSC traces
of reference and annealed CF/PEKK samples are pre-
sented in Figure 3 and the findings of the DSC analyses
are tabulated in Table 1. In Figure 3A, T, from the heat-
ing curves of reference and annealed samples are deter-
mined as 155.59 and 160.93°C, respectively. This result
can be associated with the annealing of the composite
above the T, inducing partial melting and recrystalliza-
tion. Thereby, the chain mobility of the amorphous
region is restricted by the crystalline region, and thus, an
increase in the T, value is observed due to the more
arranged crystalline region.*® The cooling curves given in
Figure 3B present the crystallization temperature of both
samples. The heating and cooling graphs in Figure 3
show similar behavior in T,,, and T. for reference and
annealed samples. Moreover, the annealed sample dem-
onstrates an X, of 21.61%, indicating a rise compared to
the reference sample, which possesses a degree of crystal-
linity of 19.70%, calculated using Equation (2). The
increase in the X is also supported by x-ray diffraction
(XRD) analysis results with an increase in intensity after

0.5

(B) cooling
Tc=269.47 °C

0.4

0.3 +

Tc=269.83 °C

0.2 4
0.1 1
Reference
Annealed
0.0 1—

50 100 150 200 250 300 350 400 450
Temperature (°C)

DSC curves of CF/PEKK and annealed CF/PEKK composites for (A) the heating, and (B) the cooling.
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annealing’' as given in Figure S1. The increase in X, can
be explained by the influence of the migration of chain
segments and reordered again during heating higher than
the T, value of matrix material with annealing.’>*?
Meanwhile, the low increase in crystallinity value can be
attributed to annealing temperature since it influences
the crystallization process in thermoplastics.***

3.3 | Optimum pre-loads for pre-damage
generation under flexural and compression
loadings

First, a set of three-point bending and compression tests
are performed with AE inspection assistance to deter-
mine the optimal pre-load levels to generate pre-damage
in the form of micro-cracks, primarily through matrix
crack dominant failure types. Figure 4 represents the
force and strain curves for the three-point bending
(Figure 4A) and compression (Figure 4B) tests assisted
with AE inspection. In the context of both tests, the opti-
mal number of clusters is identified as three addressing
matrix, interface, and fiber-related failures. Leveraging
this predetermined cluster count, the k-means clustering
algorithm is applied to categorize the acoustic events,

TABLE 1 DSC analyses results of reference and annealed
CF/PEKK samples.
AH,,
T, (°C) T.(°C) Tm(°C) (I/g) Xc(%)
Reference  155.59 269.83 332.82 8.80 19.70
Annealed  160.93 269.47 332.67 9.65 21.61
FX Time (*)
20 40 60 80 100 120 140
1600 Bending Load 416000
14004 Matrix crac.kmg 114000
Interface failure
1200 4 — Fiber related failure 412000
Z 10004 (A) 1100009
2 2
S 800+ 18000 3
—~ =
600 ~ +46000 g
Q
400 ~ +4000
200 ~ 42000
0 T T T T O
0.0 0.5 1.0 1.5 2.0 2.5
Flexural Strain (%)
FIGURE 4
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wherein each data point is assigned to the cluster with
the nearest mean.”> For the three-point bending test
(Figure 4A), the cumulative counts of AE data show that
failure starts higher than 1.25% strain level, and, a sud-
den increase in all failure types is observed after a strain
level of 2%. Thus, the amount of pre-load for the pre-
damage generation into three-point bending samples is
selected as 1200 N which corresponds to a strain within
the range of 1.25% and 2%. For the compression test
(Figure 4B) the matrix crack dominated failure initiation
starts at a strain level of 0.25%, while the interface and
fiber-related failures are observed beyond the 1% strain
level. Thereby, the pre-load for the compression test to
introduce a pre-damage is assigned as 19,000 N into the
compression test samples. Consequently, mechanical
tests are conducted on three samples: reference, pre-
damaged (representing the application of pre-loads as
provided in Section 2.4), and annealed (representing the
annealed pre-damaged samples following the procedure
given in Section 2.5).

3.4 | Three point bending test results

The flexural performance of reference, pre-damaged, and
annealed samples is assessed using the ASTM D790 stan-
dard, supplemented by AE inspection (Figure 5). In the anal-
ysis of flexural test outcomes, a consistent fracture behavior
characterized by a decline followed by an increase in stress
is observed across all samples (Figure 5A). This behavior is
attributed to the quasi-isotropic layup sequence of the lami-
nates, which influences the mechanical response during
bending.* Specifically, the observed stress pattern is primar-
ily attributed to delamination failure occurring between

FX Time (*)
0 20 40 60 80
T T T 5000
25000 Compressive Load
Matrix cracking
Interface failure / 14000 »
200009 Fiper related failure =
Z o
& (B) 43000 O
< 15000 °
g 2
| =
10000 A TR0
S
5000 | 41000
0 ! T T 0
0.0 0.5 1.0 1.5

Compressive strain (%)

AE results with load-strain curves for (A) three point bending, (B) compression tests.
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FIGURE 5 Three-point bending test results for CF/PEKK samples with reference, pre-damaged, and annealed configurations with (A)

representative flexural stress—strain curves and (B-D) bar charts for maximum load, flexural strength, and flexural strain at break,

respectively.

layers with different fiber orientations within the composite
laminates.>* The presence of delamination, a critical failure
mode in laminated composites, underscores the importance
of understanding and mitigating interlaminar defects to
enhance structural integrity and mechanical performance.
As the applied load increases during the experiment, the
samples initially fracture upon reaching a critical load, after
which the stress value decreases. Subsequent loading shows
a slight decline in stress, followed by a subsequent increase,
eventually reaching another critical load point. At this point,
the stress value rises again, leading to the fracture of the
sample that has reached its maximum load. This behavior
highlights the complex response of the material to increasing
loads, characterized by multiple stages of stress fluctuation
and ultimate failure under progressively higher loads which
are reported in the quasi-isotropic [45/0/—45/90],s laminate
of carbon fiber/polyamide 6 by Uematsu et al.>> The three
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point bending test results are also compared for the maxi-
mum load (Figure 5B), flexural strength (Figure 5C), and
flexural strain at break (Figure 5C). The reference composite
exhibits a load capacity of 1517.91 N, with pre-damage
induction the maximum load capacity decreases to
1487.38 N as seen in Figure 5B. However, annealed
composite samples exhibit the maximum load capacity,
reaching 1537.77 N. This enhancement is attributed to
the relief of residual stresses, resulting in improved
bonding between the matrix and reinforcing compo-
nents, consequently enhancing the load-bearing capabil-
ity.’® The reference sample exhibits the highest flexural
strength with a strength value of 955 MPa (Figure 5C).
The flexural strength of pre-damaged sample decreases
by 10% compared to the reference sample. It is likely
that the applied pre-load forms micro-cracks in the
PEKK matrix. These micro-cracks induce high local
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stresses in the composite, leading to a decrease in the
flexural strength of the material.’” The annealed sample
shows improvement in strength compared to the pre-
damaged samples but does not fully recover the original
properties of the reference composite. Despite the poten-
tial of annealing to promote healing, larger or more
complex damages may not be fully recovered, and some
residual damages may persist, limiting the material's
ability to return to its original strength. Nevertheless, a
notable shift is observed in the higher strain value of the
annealed sample with the sample failing around the
2.22% strain level as seen in Figure 5D, indicative of a
more ductile behavior. Moreover, a smoother stress—
strain curve is observed in the annealed sample
(Figure 5A) which is attributed to the reduction in the
intensity of micro-cracks through the annealing
treatment.

TPCs are complex materials with a combination of
fibers and matrix. Achieving a restoration of the original
properties involves intricate interactions between these
components, and any deviation from the original configu-
ration may affect the final mechanical performance. In
order to better understand the effect of damages in the
composite and annealing treatment, all experiments are
characterized by the AE inspection method. The AE
results of three point bending samples that represent
each frequency range corresponding to the damage types
are given in Figure 6 for reference, pre-damaged, and
annealed CF/PEKK composites, respectively. Using the
k-means clustering algorithm, the optimal number of
clusters is identified as three for all samples. The lowest
frequency range of peak frequency is due to damage initi-
ation or its propagation in the resin matrix, in all the
recorded AE data,!! so the first cluster in the 0-230 kHz
frequency range is attributed to cracking in the resin
matrix.*® The remaining two frequency ranges are conse-
quently related to other damage types. The intermittent
frequency range (420-480 kHz) is associated with the
fiber/matrix interface failure, as defined previously in
the literature.’**° The third cluster in the frequency
range (480-600 kHz) corresponds to the fiber-related fail-
ure for all samples under flexural load*' for all of the
CF/PEKK three-point bending samples (Figure 6).

The AE analysis results are given as cumulative
acoustic counts and stress-strain graphs for reference,
pre-damaged, and annealed samples in Figure 7. The
cumulative acoustic counts show that the flexural failure
mechanism of all samples exhibited a dominant fiber-
related failure mode. This suggests that the flexural
performance of the composite is largely influenced by the
quality of the fiber. For the reference sample, as
the applied load increased during the experiment, the ini-
tial fracture in the sample takes place upon reaching a
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critical load and then the stress value decreases at a strain
value of 1.58%. This drop is attributed to matrix cracking,
which predominately occurs up to this strain level, stabi-
lizing, and remaining almost constant afterward, as
depicted in Figure 7A. Further loading reveals a slight
decline in stress, followed by an increase, eventually
arriving at another critical load point at a strain level of
1.76%. At this time, a steeper rise in the fiber-related
cumulative counts is observed. This increase corresponds
to a rise in the flexural stress—strain curve. Subsequently,
the stress value increases again, leading to the fracture of
the sample at its maximum load. At this stage, failures
related to fibers and interfaces are dramatically increased.
Additionally, the sudden increase in interface failure
indicates some level of debonding or separation between
the carbon fibers and the PEKK, leading to sample fail-
ure. This finding is also observed from the optical micros-
copy images of fracture surfaces. The delamination
failure occurred between the outer 0° and + 45° layers
due to the interlaminar shear stress in the form of
debonding and fiber breakage that arises between these
layers under bending load (Figure 8A).>

In the pre-damaged sample, there is a significant change
in the percentage of the cumulative acoustic counts. While
fiber-related failure remains the dominant failure type, the
cumulative counts of the matrix cracking and interface fail-
ure are increased to 29.3% and 8.3%, from 11% and 4%,
respectively compared to the reference sample. These signif-
icant increases indicate that the applied pre-load creates
micro-cracks in the matrix. These micro-cracks lead to the
formation and propagation of macro-cracks under flexural
load and significantly affect the damage mechanism. The
plastic deformation starts at a low strain value of 1.42%.
This is shown as a significant rise in matrix cracking in the
acoustic emission results as given in Figure 7B. Addition-
ally, another drop in strength drop is observed at lower
strain values at 1.65% and the sampled failed at a strain
value of 2.14%. The second stress drop is caused by the start-
ing of interface failure and a slight increase in fiber-related
failure. Similar to the reference sample fiber-related and
interface failures are dominant and the matrix cracking is
almost constant until the failure with higher cumulative
counts of interface failure compared to the reference sam-
ple. As shown in Figure 7B, the cumulative acoustic counts
of matrix cracking started at the onset of the loading which
indicates the pre-damages made prominent matrix cracking
at the early stages of the test. Transverse matrix cracks are
formed by merging micro-ones as shown in the optical
microscopy images in Figure 8B. McElroy et al.** have men-
tioned a similar behavior of crack formation between differ-
ent layers after being subjected to a biaxial-bending of the
carbon fiber reinforced epoxy laminates. These transverse
matrix cracks are the reason for the decrease of the load-
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FIGURE 6

Clustered AE results of three point bending tests for each damage type with peak amplitude and peak frequency graphs for

(A) reference, (B) pre-damaged, and (C) annealed CF/PEKK composite samples.

carrying capacity in the through-thickness direction and
flexural strength.

Lastly, in the annealed sample the cumulative counts
of matrix cracking and interface failure are decreased to
28% and 3%, respectively, which demonstrates the
improvement in the bonding between carbon fiber and
matrix with the aid of to annealing process. The starting
point of the cumulative count curves of matrix cracking
and interface failure is delayed compared to the pre-
damaged sample. This indicates the healing of the matrix
as a consequence of heat treatment. However, fiber-related
failure started earlier and the cumulative count percent-
ages increase to 69% from 62.4% compared to the pre-dam-
aged sample. Similar to the reference sample, the first
acoustic signals belong to fiber-related failure. It can be
stated that the strength drop is postponed by the annealing
effect and results in a smoother shift in the fracture behav-
ior compared with the pre-damaged sample. As seen in
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Figure 7C, there is no sudden increase in matrix cracking
and fiber-related failure likely reference and pre-damaged
sample. Nevertheless, the cumulative counts for interface
failure start near the failure point and rise abruptly. There-
fore, a shift is observed in the higher strain values of each
stage compared to reference and pre-damaged samples and
the sample failed around 2.22% strain level which indicates
a more ductile behavior. The smoother stress-strain curve
can be associated with eliminating the pre-damages during
annealing treatment. The reduced intensity of the trans-
verse cracks is highlighted with marks on the microscopy
images of the annealed sample in Figure 8C. This indicates
that the effect of the micro-cracks in the matrix is largely
mitigated as a result of annealing treatment. As a conse-
quence, after the annealing treatment, an improvement in
flexural strength is observed compared to the pre-damaged
sample, and most importantly the damage mechanism
recovered similarly to reference samples.
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FIGURE 7 Cumulative AE count curves with three-point bending stress-strain curve alongside percentage failure type distributions
(fiber-related, matrix cracking, interface failure) for (A) reference, (B) pre-damaged, (C) annealed CF/PEKK composite samples (The AE
counts correlate failure mechanisms with stress-strain behavior under bending, showing the percentage distribution of each failure type at
maximum strain)
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3.5 | Compressive test results

The compressive stress—strain curves, and bar charts for
maximum load, compressive strength, and strain values
of reference, pre-damaged, and annealed CF/PEKK sam-
ples are given in Figure 9. Two distinct stages are
observed in the stress—strain curve of the reference sam-
ple (Figure 9A). The initial decrease in stress can be
attributed to the failure of the outer fibers. However,
stress recovery occurs following the onset of the first
delamination attributed to symmetrical layers in the
composite laminate.** The sample lost its structural
integrity due to delamination of the inner layers, leading
to ultimate failure. In contrast, the single-stage failure in
the stress-strain curve of the pre-damaged sample can be
attributed to brittle fracture. The annealing process

RIGHTS LI N K

FIGURE 8
images after three-point bending test

Optical microscope

of (A) reference, (B) pre-damaged,
(C) annealed CF/PEKK composite
samples.

enhanced the compression stiffness of the CF/PEKK sam-
ple by eliminating pre-damages. Additionally, the elastic
region extends to higher strain values are compared to
the reference and pre-damaged samples, primarily due to
the reduction of residual stresses in the matrix achieved
through annealing.** Some fluctuations are observed in
the stress-strain curve of the annealed sample at a strain
value of 1.40%, potentially due to incomplete recovery of
pre-damage compared to the reference sample. The refer-
ence samples present the maximum load capacity under
compressive loading with a value of 23266.71 MPa. As
expected, the load capacity decreased to 21194.08 MPa in
the pre-damaged sample and increased after annealing
treatment (Figure 9B). Consequently, the compressive
strength of the CF/PEKK sample decreased by 7.66% as
the pre-damage induced and, followed by an enhancement
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Compression test results for CF/PEKK samples with reference, pre-damaged, and annealed configurations with (A)

representative compressive stress-strain curves and (B-D) bar charts for maximum load, compressive strength and compressive strain at

break, respectively.

of 2.00% after annealing as presented in Figure 9C. The
damage in the sample, especially in the PEKK matrix,
acted as a stress concentrator, hindering the distribution of
applied load during the test. As the pre-damage initiated
some micro-cracks in the sample, the failure started at a
lower stress level, contributing to the reduction in both
maximum load capacity and compression strength.** How-
ever, as the annealing redistributes internal stresses and
induces stress relaxation, affects the overall mechanical
and failure behavior. Furthermore, pre-damages signifi-
cantly affected the compressive strain properties of the
samples as seen in the bar chart in Figure 9D. The com-
pressive strain at the point of failure in the pre-damaged
sample decreased from 1.55% to 1.08%. This reduction
indicates increased brittleness of the thermoplastic matrix.

The matrix material plays a crucial role in providing
lateral stability to the fibers, preventing or delaying
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failure under compressive load. Therefore, it is crucial to
understand the compressive properties of thermoplastic
composites for designing and utilizing in structural appli-
cations. In order to better understand the behavior of the
CF/PEKK samples under compressive load, all experi-
ments are supported by the AE inspection. The cluster
ranges obtained from acoustic emission inspection that
represent the damage types for the compression samples
are given in Figure 10, where the cluster ranges slightly
vary under compressive load. The optimal number of
clusters is identified as three for the compression test: the
first cluster in the 0-190 kHz frequency range, corre-
sponds to matrix cracking,45 the second cluster in the,
140-580 kHz, is associated with the fiber/matrix interface
failure, as defined previously in the literature,*® and con-
sequently, the third cluster in the frequency in the 500-
650 kHz range corresponds to fiber-related failure.*’
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FIGURE 10

Clustered AE results of compression test for each damage type with peak amplitude and peak frequency graphs for

(A) reference, (B) pre-damaged, (C) annealed CF/PEKK composite samples.

AE results provide insights into the failure modes
for each sample. The AE analysis results and stress—
strain graphs for reference, pre-damaged, and annealed
compression samples are given in Figure 11. The
CF/PEKK samples show a matrix dominant failure
with a 92% percentage of matrix cracking cumulative
counts under compressive load (Figure 11A). The com-
posite likely exhibits a brittle response with the matrix
playing a crucial role in load bearing. Hence, under
compressive loading, the performance is highly influ-
enced by the PEKK matrix. Cumulative counts of
matrix cracking and interface failures raised in the
elastic region. Subsequently, fiber-related failure causes
a drop in strength at a strain level of 1.41%. Therefore,
the initial drop in stress can be attributed to fiber-
related failure. However, strength recovered due to the
inner symmetrical layers in the composite until the
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failure.*® The sample lost its integrity by delamination
of the inner layer and subsequently failed. Sitohang
et al.*® mentioned that 0° plies carry most of the load
under compression and failure occurred when
the fracture of the outer 0° ply in the gauge section.
Transverse cracks and matrix cracking are observed
near the edges of the sample, as shown in the optical
microscopy images in Figure 12A. The progressive
growth of cracks and especially buckling of the outer
layers cause splaying of the other layers and finally
delamination.

In the pre-damaged sample, the compression test is
completed in a short period and cumulative count signals
of each damage type started earlier compared to the refer-
ence sample (Figure 11B), with matrix cracking being the
dominant failure type similar to the reference sample.
However, the change in the percentage distribution of
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FIGURE 11 Cumulative AE count curves with compression stress-strain curve alongside percentage failure type distributions (fiber-

related, matrix cracking, interface failure) for (A) reference, (B) pre-damaged, (C) annealed CF/PEKK composite samples (The AE counts
correlate failure mechanisms with stress—strain behavior under compressive load, showing the percentage distribution of each failure type at

maximum strain).
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failure types reflects different damage mechanisms in
pre-damaged samples. The applied pre-load results in the
formation of micro-cracks in the PEKK matrix, leading to
a decrease in the percentage of cumulative counts related
to matrix cracking. Nevertheless, the presence of pre-
damages leads to an increased percentage of interface
and fiber-related failures, from 5% to 24%, and from 3%
to 13%, respectively. Additionally, the thermoplastic
matrix displays increased brittleness due to pre-damage
formation as a consequence of the applied pre-load.
These pre-damages have the potential to initiate rapid
crack propagation in the matrix and at the interface, lead-
ing to fiber breakage. Consequently, a more brittle failure
is observed compared to the reference sample.*’ The one-
stage failure in the compression graph can be attributed
to the brittle fracture of the sample since the merged
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FIGURE 12 Optical microscopy
images after compression test;

(A) reference, (B) pre-damaged,

(C) annealed CF/PEKK composite
samples.

ther Breakage.

w1

T

damages caused the failure of the matrix, interface, and
fiber breakage step by step. Moreover, as the micro-
cracks act as stress concentrators, stress is transferred
from the intact regions to the areas surrounding the
micro-cracks and leads to an increase in modulus as seen
compressive stress-strain curve of the pre-damaged sam-
ple in Figure 9A.°>' This shift in the damage mecha-
nism, observed as a through-thickness shear failure, is
evident in the optical microscopy images in Figure 12B.
There is no transverse matrix cracking observed in the
optical microscopy images, indicating a decrease in
cumulative counts of matrix cracking-related failures.
The coalescence of micro-cracks propagates the damage
across the entire sample, ultimately leading to sample
failure due to loss of structural integrity, as described in
the study by Opelt et al.**
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On the other hand, the annealed sample continues to
exhibit a high percentage of matrix-related failure with a
cumulative count of 96% (Figure 11C). It is evident that the
damage behavior is more similar to the reference sample
including the test time. As the compressive load continues to
increase, interface failure initiates, ultimately leading to the
loss of sample integrity and fracture. Additionally, the
increased matrix contribution suggests that annealing further
strengthened the matrix, resulting resilient composite under
compressive loading. The low incidence of interface failure
suggests improved bonding between the fibers and the
matrix. This improvement ultimately increases the compres-
sion strength of the sample as the compressive strength of
the annealed sample increased to 516 MPa from 506 MPa
compared to the pre-damaged sample. Moreover, the failure
similarities between the reference and the annealed sample
are seen in the microscopy images of fracture surfaces as
given in Figure 12A,C, respectively. The annealing process
results in the closure of micro-damages in the material
(Figure 12C), leading to fracture behavior similar to that of
the reference sample under the compression load, and
reduced delamination propagation compared to the pre-
damaged sample. That is particularly evident in the annealed
samples, which exhibited higher compression strength.

The findings of mechanical analysis indicate that
the annealing process has the potential to heal cracks
in the composite and enhance its final failure behavior.
Chanteli et al.”*> demonstrated that annealing CF/PEEK
samples after the automated tape-laying process altered
the failure behavior in interlaminar shear strength and
open hole compression analyses. The samples exhibited
negligible delamination and crack formation. The con-
trolled heating and cooling process of annealing helps
gain mobility and molecular reorganization, relieving
the internal stresses. As a result, any existing micro-
cracks in the matrix could be filled up or become less
pronounced.

4 | CONCLUSION

This study aims to investigate the impact of annealing on
pre-existing damages and to highlight the mechanical and
fracture behavior of CF/PEKK composites produced
through the VBO process. It addresses a critical gap in the
literature regarding the lack of research on the effect of
annealing treatment on recovering damages in thermo-
plastic composites. The void content analysis reveals a
well-consolidated composite with void content comparable
to aerospace-grade quality, consistent with findings from
previous studies using the same manufacturing method.
The thermal characteristics show that annealing above the
glass transition temperature induces partial melting and
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recrystallization, resulting in increased T, and crystallinity,
thereby improving mechanical properties.

Three point bending and compression tests, assisted by
acoustic emission (AE) inspection, provide valuable insights
into the pre-existing damages and the subsequent effects of
annealing. The changes observed in the cumulative acoustic
counts reflect the impact of pre-existing damages and the
annealing process on the mechanical behavior of compos-
ites, with implications for their strength and overall perfor-
mance. In three-point bending tests, which induce flexural
stresses, fiber-related failures are dominant. Conversely,
matrix-related failures are dominant under compressive
load. The presence of pre-existing damages introduces addi-
tional complexities in both tests, leading to increased contri-
butions from matrix and interface failures. The differences
in mechanical behavior and AE inspection between three
point bending and compression tests can be attributed to
the unique stress states and loading conditions in each test,
as well as the specific characteristics introduced by the pre-
existing damages and the effects of the annealing process.
The changes in failure percentages reflect the diverse failure
mechanisms operating under different loading conditions.

In summary, the annealing process effectively leads to
enhanced structural integrity. The findings suggest that
annealing has the potential to enhance the mechanical
properties and failure behavior of thermoplastic composite
laminates, offering valuable insights for the development
and application of repair methods in aerospace and other
industries. Further, varying annealing conditions, along-
side alternative NDE techniques investigation will provide
a deeper understanding of thermal treatment effects on
thermoplastic composites. This approach will enhance the
practical relevance of the findings and facilitate the devel-
opment of more effective repair strategies for a wider
range of thermoplastic composite structures.
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