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Abstract

Despite the advantages of recycled randomly oriented strand (ROS) composites

over recycled grinded ones, the warpage issue hinders their adaptation in the

industry due to tolerance requirements. To address this challenge, ROS compos-

ites are incorporated into secondary bonded sandwich structures such that the

core material ensures the straightness of the ROS composite skins. Additionally,

atmospheric plasma activation (APA) is utilized to enhance the skin/core bonding

to prevent skin separation under loading. The ROS composite skins are manufac-

tured via vacuum-assisted hot press to achieve a cost-effective aerospace-grade

quality. The structural integrity of the sandwich structure is assessed through flat-

wise tensile and edgewise compression tests, while the mechanical and thermo-

mechanical performance is evaluated using flexural, impact, and dynamic

mechanical analysis (DMA) tests. The flatwise tensile and edgewise compression

tests confirm that APA effectively prevents core detachment, as evidenced by an

average tensile strength of 2.28 MPa and an average compressive strength of

171.7 MPa. Moreover, the flexural and impact tests show that no premature skin

failure occurs, supported by an average facing strength of 59.23 MPa in flexural

testing and an average impact energy of 49.96 kJ/m2. The DMA test indicates that

most of the stiffness loss is due to the core material. This comprehensive analysis

highlights recycled ROS composites as a sustainable and cost-effective alternative

for quasi-isotropic skins in aerospace secondary load-bearing sandwich structures

such as floors, doors, engine cowls, and spoilers.

Highlights

• The core material serves as a structural stabilizer, eliminating skin warpage.

• Flatwise tensile test proves the efficiency of APA treatment.

• Edgewise compression test shows warpage does not induce skin/core

debonding.
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• The absence of premature failure illustrates the robustness of the structure.

KEYWORD S

atmospheric plasma activation (APA), CF/PEKK, randomly oriented Strand (ROS), recycled,

sandwich structures

1 | INTRODUCTION

Sandwich structures have increasingly replaced traditional
materials across various structures, ranging from small
components like control surfaces and leading edges to
critical structural parts, such as nose caps and fuselages in
heavyweight vehicles like spacecraft.1 Typically, a sand-
wich structure consists of two thin but rigid face sheets
and a lightweight core. Carbon fiber and glass fiber-
reinforced polymer composites (CFRP and GFRP) in addi-
tion to Kevlar-reinforced laminates, are commonly used as
face sheet materials because of their high specific stiffness
and strength.2 Carbon fibers possess the highest specific
modulus and strength among all reinforcing fibers, mak-
ing them ideal for high-performance applications.3 Unlike
glass and other organic polymer fibers, carbon fibers do
not necessarily break under stress, offering greater durability
and structural integrity.4 Their exceptional fatigue resis-
tance, thermal stability, and lower density further contribute
to their widespread use in advanced composite structures.
These inherent properties of carbon fibers make them ideal
as face sheets in sandwich structures for aerospace applica-
tions.5 For the core material, polyurethane foam and poly-
meric and aluminum honeycomb are often preferred due to
their lightweight nature.6 Among these, honeycomb cores
typically offer superior strength and stiffness compared to
foam cores.7

The honeycomb sandwich structure offers an optimal
combination of high flexural rigidity, bending strength,
thermal insulation, and energy absorption capacity while
maintaining a low weight.1,6,8,9 Additionally, various
mechanical properties and performance characteristics can
be tailored according to the end-use requirements by adjust-
ing the material and architecture of the core as well as the
thickness and type of the face sheets.8 Honeycomb sand-
wich structures are frequently used in aircraft flight control
surfaces, such as rudders, ailerons, spoilers, and also inte-
rior components like floors, doors, overhead storage bins,
ceiling, and sidewall panels.1,9 Nomex paper strip honey-
comb cores are commonly selected in sandwich structures,
especially favored in aerospace applications where weight
reduction is critical, due to their exceptional lightweight
properties and high mechanical performance.10

Sandwich structures can be assembled using either
co-curing or secondary bonding processes.11 The co-
curing method involves a single curing process in which

intermolecular diffusion of polymers takes place between
the components.12 Although co-curing offers the benefit
of a single-step manufacturing process, it introduces com-
plexity to process parameters to achieve skin consolida-
tion, skin and core bonding, resin flow, and internal gas
pressure within the core, all of which lead to reduced
mechanical properties of the laminate.13 The secondary
bonding method involves two processes where the skins
are first manufactured individually to achieve optimal
structural properties and then bonded to the core material
using an adhesive film, creating a cohesive structure.7,12

The adhesive layer secures the skins to the honeycomb
core, facilitating the seamless transfer of stress between
the skins via the core, which is vital for balanced load dis-
tribution.14 The bond between skin and honeycomb core
is fundamental to the overall quality and structural integ-
rity (especially flatwise tensile strength) of sandwich struc-
tures. A strong skin-core bond allows effective force
transition across the entire structure; however, in honey-
comb sandwich structures, the limited bonding area pro-
vided by the cell walls makes strong adhesion difficult to
achieve. Thus, various surface treatment techniques can
be employed to optimize surface conditions and enhance
the surface energy and wettability of the skin material.15

The skin/core adhesion becomes even more critical when
recycled materials, mostly thermoplastic materials, are
used due to their hydrophobic nature, which limits bond
strength due to insufficient wettability. In order to over-
come this issue, atmospheric plasma activation (APA)
treatment is widely utilized in surface treatment processes,
which has proved to enhance bonding performance in a
highly effective, eco-friendly, and cost-efficient manner.16

By exposing the thermoplastic skin surface to APA, hydro-
philic groups are introduced, which increases surface
energy and improves wettability. This transformation fos-
ters stronger chemical bonds with the adhesive layer,
thereby improving the adhesive bond strength between
the skins and core of sandwich structures without causing
any surface damage.17

With the growing adoption of sandwich structures in
aerospace applications due to their numerous advantages,
ensuring sustainable production has become a critical
concern. Consequently, researchers have begun exploring
the feasibility of incorporating recycled core materials
into these structures to enhance environmental sustain-
ability and reduce material waste. In the literature,
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recycled core materials have been the focus of several
studies where their mechanical behavior in the sandwich
structures is investigated. Mandegarian et al. manufactured
sustainable all-thermoplastic sandwich panels using glass/
polypropylene composite skins and 100% recycled PET
foam cores in their study.18 Flatwise testing revealed a fail-
ure pattern characterized by both adhesion and substrate
failure, indicating a strong bond between the skin and poly-
ethylene terephthalate (PET) foam. Higher-density foam
cores improved bonding with the polypropylene resin, lead-
ing to increased flatwise tensile strength. The high-density
cores achieved a tensile strength of 0.85 MPa when using a
10 mm thickness of recycled PET foam core. Kassab and
Sadeghian conducted a comparative study on the flexural
properties of sandwich composites consisting of PET fibers/
epoxy composite skins and different recycled PET cores.19 By
incorporating recycled PET honeycomb cores, their research
presented an innovative approach to sustainable materials,
emphasizing the potential of recycled plastics in structural
applications. Their findings indicate that replacing PET foam
cores with honeycomb cores leads to significant increases in
bending stiffness (ranging from 137% to 151%) and ultimate
load capacity (ranging from 62% to 151%). Moreover, they
observed core shear failure under flexural loading, in contrast
to high-density foam cores that primarily exhibited complex
wrinkling failure modes. Hu et al. explored the manufactur-
ing techniques and compression characteristics of three-
dimensional sandwich structures with lattice cores, made
using continuous carbon fiber reinforced thermoplastic poly-
ether-ether-ketone (CCF/PEEK).20 They introduced an inno-
vative hot stamping technique specifically for fabricating
CCF/PEEK lattice cores. They observed that the compressive
strength and modulus of CCF/PEEK lattice structures are
maximized with the ±45� stacking sequence of lattice cores
and a strong quantitative match between experimental
results and simulation predictions.

However, the feasibility of utilizing recycled skin mate-
rials in sandwich structures remains an area that is under-
explored in the existing literature. In recent years, the
recycling of thermoplastic composites has gained signifi-
cant attention in modern engineering applications, as they
offer greater recyclability compared to thermoset compos-
ites, which present substantial challenges in reprocessing
and reuse.21,22 Thermoplastic composites present several
advantages, such as excellent resistance, high damage tol-
erance, reusability, and room temperature storage.6,23,24

These properties make thermoplastic composites an attrac-
tive alternative to thermoset ones, providing both environ-
mental and performance benefits. With growing concerns
about environmental sustainability, the reprocessability of
thermoplastic composites becomes increasingly important.
Due to their ability to soften when heated and solidify
upon cooling, thermoplastic composites can be repeatedly

remelted and reshaped. This characteristic not only facili-
tates recycling and reduces waste but also allows for the
recovery of high-value materials, making them an envi-
ronmentally favorable option.25,26 Composite scrap for
recycling comes from two main sources: end-of-life post-
consumer products, known as old scrap, and production
waste generated during manufacturing, referred to as new
scrap. These two streams provide a reliable supply of com-
posite materials for ongoing recycling efforts.26 Thermo-
plastic composite scraps can be recycled mechanically
through shredding or grinding and reproduced again by
aid of heat and pressure without additional treatment.
Although this method is cost-effective, it often leads to
reduced fiber lengths, which can compromise the mechan-
ical properties of the recycled material. As a result, these
recycled composites are typically proposed for secondary
applications where no demanding performance is
required.27,28 These scraps can be utilized to manufacture
randomly oriented strand (ROS) composite plates.
ROS composite plates can be manufactured by different
manufacturing techniques, compression molding under
vacuum, and vacuum bag molding (VBO).29 The vacuum-
assisted compression molding process stands out as the
best candidate for the out-of-autoclave (OoA) method, sav-
ing costs and time without compromising the performance
of the manufactured composites. Moreover, the mechani-
cal performance of ROS recycled composite plates does
not deteriorate significantly as they fulfill the critical fiber
length criterion, unlike recycled composite plates manu-
factured from the grinded composite waste. This places
the ROS recycled composites as a green solution for aero-
space secondary load-bearing applications.30

Poly-aryl-ether-ketone (PAEK) advanced thermoplastic
polymer family is notable for its high performance and
excellent properties, making it well-suited for aviation
applications. Poly-ether-ketone-ketone (PEKK), a member
of the PAEK family, is a popular candidate in aerospace
structural applications because of its relatively low proces-
sing temperature compared to other advanced thermoplas-
tic composites.24,31 Several studies have researched the
recycling of advanced thermoplastic composites. Selezneva
and Lessard studied the tensile properties of CF/PEKK
ROS composites with strand sizes from 6 to 50 mm, find-
ing that ROS retains 75% of the modulus and 40% of the
strength of quasi-isotropic specimens.32 Leblanc et al.
investigated the flexural properties of recycled CF/PEEK
composites made from mixtures of virgin strands and con-
solidated scrap with different ratios.33 Their study found
that flexural strength decreased as the consolidated scrap
content increased. In another study, the effect of strand
length on the tensile properties of CF/PEEK ROS compos-
ites is examined.34 The results showed that both tensile
strength and modulus increased as strand length increased
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from 10 to 150 mm. However, despite the advantages of
ROS composite plates, the inhomogeneity of the strands
distribution leads to an unbalanced composite layup caus-
ing warpage in the recycled structure.32,35,36 This warpage
poses serious geometrical obstacles hindering their adapta-
tion in the aerospace industry. Nevertheless, to the best of
the authors' knowledge, no previous studies have investi-
gated the mechanical behavior of sandwich composite
structures made with recycled ROS thermoplastic skins.

The aim of this study is to assess the applicability of
ROS composites to serve as skins in sandwich structures
for aerospace secondary load-bearing applications. To this
end, the composite skins are manufactured by using shred-
ded CF/PEKK slit tape waste via vacuum-assisted hot
press. The vacuum-assisted hot press manufacturing pro-
cess is selected to achieve aerospace-grade quality while
maintaining cost efficiency. Having the skin composites
manufactured, their surfaces are activated using APA
treatment, promoting strong interface bonding and pre-
venting skin/core separation due to the warpage of the
ROS skins. The sandwich structure is then manufactured
following the secondary bonding method using a thermo-
set adhesive film. Here, the core material also serves as a
structural stabilizer, ensuring the straightness of the ROS
composite skins. The skin/core adhesion strength is evalu-
ated through flatwise tensile and edgewise compression
tests to determine the likelihood of ROS composite skin
separation. After verifying the bonding quality of the sand-
wich composite, its mechanical performance is investi-
gated under flexural and impact loadings. Furthermore,
the thermal stability of the sandwich structure is analyzed
using DMA testing. This study introduces, for the first time
in the literature, the application of thin ROS composite
structures in the aerospace industry, effectively addressing
the warpage issue and meeting tolerance requirements.

2 | MATERIALS AND METHODS

2.1 | Materials

For the manufacturing of recycled composite skins, uni-
directional CF/PEKK slit tapes (Toray Cetex® TC1320)
are utilized to produce randomly oriented strands, which
are highly valued for their effectiveness in aerospace
applications.37 The slit tape material consists of PEKK
resin reinforced with carbon fibers, with a processing
temperature between 370 and 400�C and a width of
6 mm.38 The unidirectional layup of these slit tapes dem-
onstrates a tensile strength of 2410 MPa and a compres-
sive strength of 1300 MPa. The resin content by weight is
34% (RC), and the consolidated ply thickness is approxi-
mately 0.14 mm (CPT). The material density is specified

as 1.59 g/cm.3 The recycled composite skins are manufac-
tured via a vacuum-assisted hot pressing process in
which Thermalimide E 002 vacuum bag (Airtech),
Upilex-25S release film (Airtech), Loctite 770-NC release
agent (UBE), Airflow800 breather cloth (Airtech), and
A-800-3G vacuum band (Airtech) are used. In the
manufacturing of sandwich composites, the core material,
AHN-4120-1/8-3.0 aramid fiber/phenolic coated Nomex
honeycomb, is sourced from KORDSA.39 The thermoset
adhesive film used to bond the recycled CF/PEKK compos-
ite skins to the Nomex honeycomb core is Scotch-Weld AF
163-2 K, produced by 3M Company.40 Technical grade iso-
propyl alcohol (IPA), solid sodium hydroxide (NaOH) with
a density of 2.13 g/cm3 and 85 wt% phosphoric acid solu-
tion are supplied from Sigma-Aldrich for cleaning the alu-
minum blocks used in the flatwise tensile test equipment.
Additionally, Scotch-Weld DP 490 epoxy structural adhesive
from 3M Company is utilized to bond the flatwise tensile
test specimens to the aluminum blocks.

2.2 | Methods

2.2.1 | Manufacturing of recycled ROS
CF/PEKK composite skins

In our previous study, we investigated the effect of strand
size on the mechanical properties of recycled CF/PEKK
panels. The results reveal that strands cut with scissors to
the dimensions of 45 � 6 mm2 exhibit the highest tensile
and compressive strength, and hence these strand dimen-
sions are adopted in this study.41 All the cut CF/PEKK
strands are first washed and then dried in an oven at 80�C
for 24 h. During this manufacturing stage, recycled
CF/PEKK composite plates are manufactured using hot
press techniques under vacuum bagging to achieve low
void content. For this purpose, the strands are placed in a
vacuum bag in a random arrangement, surrounded by
breather cloth strips to facilitate air evacuation. Addition-
ally, the breather cloth strips are set to ensure that the
manufactured plates measure 320 � 320 mm2 in length
and width, respectively. Approximately 162.5 g of the pre-
pared CF/PEKK strands are used to obtain composite
plates with an approximate thickness of 1 mm. Further-
more, to provide smooth separation of the manufactured
plates, two release films—each coated with four layers of
release agent—are placed between the CF/PEKK strands
and the vacuum bag. The vacuum bag is then sealed and
vacuumed for 30 min before consolidation. Initially, the
vacuum-bagged CF/PEKK strands are heated to 170�C at
a pressure of 0.25 bar. The temperature is increased to the
processing temperature of 380�C while simultaneously
raising the pressure to 20 bars. The dwell time is then
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maintained at approximately 30 min under these conditions.
The final step involves a gradual cooling phase, maintained
below the glass transition temperature of approximately
160�C, to complete the manufacturing process of recycled
ROS CF/PEKK composite skins. Figure 1 shows the
manufacturing steps (Figure 1A–D) and the warpage of the
produced ROS CF/PEKK plate (Figure 1E), while Figure S1
illustrates the hot press parameters, including temperature,
pressure, and time. To obtain the specified final dimensions
of 310 � 310 mm,2 recycled composite plates are trimmed
using the KUKA KR-16–2 CF robotic water jet, followed by
a drying process at 75�C overnight.

2.2.2 | Sandwich composite manufacturing

The manufacturing flowchart of the sandwich composites
is shown in Figure 2. Once the recycled CF/PEKK com-
posite skins are manufactured, the Nomex honeycomb,
with a thickness of 9.84 mm (Figure 2A) is precisely cut
using the ZÜND G3-L3200 digital cutting machine. The
core material undergoes a drying process overnight at
75�C to remove moisture. In the preparation of the adhe-
sive film, Scotch-Weld AF 163-2 K adhesive films
(Figure 2B), initially stored at �18�C, are kept at a con-
trolled temperature of 4�C overnight to prevent moisture
accumulation. The adhesive film is then conditioned at
room temperature for 30 min prior to cutting. The film is

cut to the required dimensions using the same cutting
machine employed for the Nomex core. Next, to enhance
adhesive performance at the interface between the
recycled skins and core parts, optimal APA process
parameters for the recycled CF/PEKK composite plates
are applied (Figure 2C). After cleaning the surfaces of the
recycled skins with IPA, the parameters referenced in
the literature include a nozzle distance of 15 mm, a scan
speed of 40 mm/s, and three scans applied to both the
top and bottom recycled composite skins. Following this
set of parameters, the total surface free energy (SFE) of
the composite skin increases from 40.73 to 70.26 mJ/m.2

This enhancement is primarily due to a significant
increase in the polar component of SFE, while the disper-
sive component remains largely unaffected.16 Following
the application of the APA to the skin surfaces, Scotch-
Weld AF 163-2 K adhesive films are implemented on the
activated surfaces. Then, the Nomex honeycomb core is
set between the skins, which have adhesive films, and
the skin/core assembly is placed in an LP-MH4H50/MSE
manual hot press machine for the adhesive curing pro-
cess. The temperature is gradually raised from 20�C to
125�C at a rate of 5�C per minute, while the pressure
remains constant at 2 bar. Once the curing temperature
of 125�C is reached, the pressure is increased to 2.75 bar,
and the adhesive is allowed to cure for a dwell time of
60 min. Upon completion of the curing process, the sand-
wich composite forms a unified structure (Figure 2D).

FIGURE 1 (A) Preparation of the recycled composite frame, (B) application of release films, (C) waste carbon fiber (CF)/poly-ether-

ketone-ketone (PEKK) strands under vacuum bagging, (D) hot press process for consolidation of thermoplastic strands, and (E) the warpage

of the recycled randomly oriented strand (ROS) CF/PEKK composite plate.
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To ensure compliance with all dimensional test require-
ments, the sandwich composite structure is precisely cut
using a water jet, maintaining dimensions within the
specified tolerance limits outlined in the relevant test
standards (Figure 2E). Following cutting, the test speci-
mens are dried overnight at 75�C to remove any moisture
absorbed during the process (Figure 2F).

2.3 | Characterization and
mechanical tests

The flatwise test equipment consists of two aluminum
blocks, between which the test specimens are subjected to
tension. Therefore, ensuring proper adhesion of the speci-
mens to the aluminum blocks is a crucial parameter.
Proper surface preparation of the aluminum blocks and
precise adhesive application are significant for flatwise ten-
sile testing. These steps ensure test validity by inhibiting
failures in the epoxy between the aluminum blocks and the
test specimen.42 The aluminum alloy blocks are subjected
to a cleaning process following ASTM D3933 standards to
improve the bonding of the specimens to the testing fixture.
This procedure involves multiple cleaning stages, including
alkali and acid cleaning.43

The flatwise tensile test is performed on sandwich
composite structures to assess the bonding performance
at the core-skin interface. Following the ASTM C297

standard for flatwise tensile testing, three specimens of
sandwich composite structures were precisely cut using a
water jet to dimensions of 50 � 50 mm2 and a thickness of
11.50 mm. The configuration for the flatwise tensile test of
the sandwich composite structure is depicted in Figure 3.
After the defined APA parameters are implemented on the
surface of the sandwich specimens, 3M Scotch-Weld DP
490 epoxy structural adhesive is applied to both the alumi-
num blocks and the sandwich composite specimens. The
specimens bonded to the aluminum blocks are then
allowed to cure for 24 h at room temperature.

The flatwise tensile testing of composite sandwich
specimens is performed using an INSTRON model 5982
testing machine, which has a maximum load capacity of
100 kN and operates at a speed of 4.00 mm/min at room
temperature.

Following ASTM C364 guidelines, five edgewise com-
pression sandwich composite test specimens are prepared
to the specified dimensions of 80 � 25 mm.2 The INSTRON
5982 testing machine is employed for this purpose, with the
gauge length set at 10 mm. The crosshead displacement rate
is consistently maintained at 0.50 mm/min at room temper-
ature. The demonstration of the edgewise compression test
setup is presented in Figure 4.

In accordance with ASTM C393, four sandwich com-
posite specimens for a 4-point (4 pt) bending test are pre-
pared with dimensions of 230 � 30 mm2 for length and
width, a core thickness of 9.84 mm, and a total sandwich

FIGURE 2 The manufacturing steps of sandwich composite structure. (A) Nomex core, (B) Scotch-Weld AF 163-2 K adhesive film,

(C) application of APA treatment on recycled CF/PEKK skin, (D) sandwich composite structure, (E) water jet cutting, and (F) drying

process in the oven.
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structure thickness of 11.50 mm. The bending test for
these specimens is conducted using an INSTRON model
5982 testing machine, with a span distance of 180 mm, a
distance of 90 mm between the two applied loads, and
a testing speed of 6.00 mm/min at room temperature.
The arrangement for the 4-point bending test of the sand-
wich composite structure is shown in Figure 5.

The Charpy impact test is carried out to evaluate the
impact resistance and durability of sandwich composite
structures. According to the ISO 179 standard, five
impact test specimens are prepared using waterjet
cutting, each measuring 127 mm in length, 12.70 mm in
width, and 11.50 mm in thickness. During testing, the
hammer of the impact test apparatus is positioned to
strike the recycled skin section of the unnotched speci-
mens, as shown in Figure 6.

CFRP/Nomex sandwich composites are utilized in air-
craft cowls, where they are exposed to elevated tempera-
tures during engine operation.44 Therefore, understanding
the thermomechanical behavior of ROS/Nomex is essential.
To evaluate this, dynamic mechanical analysis (DMA) is
employed to assess the thermal and mechanical perfor-
mance of the sandwich composite structures under varying
temperature conditions. This technique allows for the mea-
surement of mechanical properties in relation to time, tem-
perature, and frequency.45 Three specimens are prepared
with dimensions of 55 � 10 mm2 for length and width,
respectively. The tests are conducted using a Mettler Toledo
DMA/SDTA861e instrument, following the dual cantilever
mode. The experimental procedure involves a temperature
range from 25 to 200�C, with a heating rate of 3�C per
minute and a frequency of 1 Hz.

FIGURE 3 The illustration of

flatwise tensile testing: (A) front and

(B) isometric views.

FIGURE 4 The installation of the

sandwich composite structure in the

edgewise compression test equipment.
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The load transfer capability of sandwich composites is
significantly influenced by the quality of the bonding
interface between the core and skin components. There-
fore, following the manufacturing process, the distribution
of the adhesive is analyzed using a Nikon SMZ800N Stereo
Microscope at various magnifications. In addition, after
the impact test, a microscopic analysis of the fractured
specimens is conducted to examine the failure of the skin
and core components. This is performed using a Leo Supra
35VP field emission scanning electron microscope
(FE-SEM) at an accelerating voltage of 3 kV, under vary-
ing magnifications. To enhance electrical conductivity, a
thin layer of Pd/Au is deposited onto the SEM specimens.

3 | RESULTS AND DISCUSSION

3.1 | Microscopic analysis of adhesive
morphology

Microscopic images of the CF/PEKK Nomex sandwich com-
posite specimen demonstrate a uniform and homogeneous

distribution of adhesives along the skin/core cross-sectional
interface (Figure 7). Robust bonding capability between the
recycled skins and the core is achieved through the APA
process, which enhances the wetting properties of the
recycled skins prior to the sandwich manufacturing process.
Enhancements in adhesive bonding led to better mechanical
performance of the overall sandwich composite structure, as
will be discussed in the test results.

3.2 | Flatwise tensile test results

Flatwise tensile testing evaluates the bonding perfor-
mance between the skin and core, as well as the core
strength of sandwich structures.46 Figure 8A shows the
results of the flatwise tensile test, displaying the curves of
tensile stress versus displacement. The results show that
the specimens exhibit linear behavior up to the ultimate
tensile strength, where crack initiation takes place in the
Nomex honeycomb. All specimens exhibit their ultimate
tensile strength values at a tensile displacement of
approximately 0.6 mm. This stable tensile displacement

FIGURE 5 (A) 4-point bending test specimens of sandwich composites and (B) perspective view of the bending test setup.

FIGURE 6 (A) Frontal view and (B) perspective view of the impact test configuration.
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promotes consistency in the results. However, complete fail-
ure and separation do not occur instantaneously; instead,
cracks gradually propagate through the honeycomb, causing

a substantial loss in the load-carrying capacity of the core
material, exhibited by the tensile stress drop.47 The severity
of the stress drop lessens as crack propagation becomes

FIGURE 7 Demonstration of homogeneous adhesive distribution at the skin/core interface.

FIGURE 8 (A) Tensile stress-displacement curves, (B) average tensile strength and maximum load values of sandwich composite

specimens, and (C) the crack propagation path of the honeycomb core after flatwise tensile test.
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more energy-intensive due to the expanding damage area.
The sandwich composite structures demonstrate an aver-
age tensile strength of 2.28 MPa and an average maximum
load capacity of 5.45 kN, as illustrated in Figure 8B. Liu
et al. conducted flatwise tensile tests on sandwich compos-
ites made of carbon fiber/epoxy skins and a Nomex honey-
comb core, reporting an average tensile strength of
approximately 2.13 MPa.48 In addition, our previous study
reported an average tensile strength of 2.40 MPa from flat-
wise tensile tests on sandwich composites, where APA
treatment was applied to the CFRP skin prior to its assem-
bly with the Nomex core.15 These results reveal compara-
ble flatwise tensile values of the sandwich composite to
those reported in the literature, despite the lower bonding
performance of PEKK. This improvement can be attrib-
uted to APA activation, which significantly enhances the
surface free energy of PEKK, resulting in better bonding
performance. Specifically, the etching effect of APA treat-
ment creates micro-grooves on the treated surface,
enhancing mechanical interlocking. Additionally, APA
treatment increases the oxygen atomic concentration on
the surface, promoting the formation of chemical bonds.49

This is also apparent in the failure behavior of recycled
composite specimens, where failure occurs within the core
without separating from the interface between the core
and skins, as illustrated in Figure 8C. Moreover, the crack
propagation within the honeycomb renders a curvilinear
path rather than a linear one, implying mixed-mode crack
propagation, which requires higher energy. This indicates
that the load transfer capability between the skin and the
core materials is improved.

3.3 | Edgewise compression test results

Figure 9 presents the edgewise compression test results
along with the failure modes of the sandwich speci-
mens. The compressive stress–strain curves, provided in
Figure 9A, show that all the specimens behave similarly
under compression. It can also be seen that the variation
in compressive strength is lower than the variation in
compressive strain. The average values of compressive
strength and strain are depicted in Figure 9B. The aver-
age compressive strength and strain are calculated as
171.7 MPa and 1.26% with coefficients of variation of 7.8
and 12.75, respectively.

In the edgewise compression test, the composite skins
serve as the primary load-carrying components, whereas
the core material provides structural stability that helps in
buckling resistance. This setup, as well as the introduction
of recycled thermoplastic CF/PEKK composite skins, intro-
duces complexity in the failure modes. That is, the variation
in fiber angle within recycled CF/PEKK composites causes

strain distribution nonuniformity across the specimen,
leading to location-specific failure modes. Therefore, to bet-
ter understand the failure mechanisms, the post-fracture
images of the specimens should be investigated. Figure 9C
shows that damage takes place within a contained region
and does not extend throughout the specimen. Generally, it
can be seen that the skin/core bonding is maintained in all
the specimens, regardless of the specimen's failure mode.
This proves that APA is successful in enhancing the struc-
tural integrity of the sandwich structure by creating new
and/or increased hydrophilic functional groups during the
bombardment of the surface of interest with the energized
gas ions and free radicals in the plasma. This improves
interfacial chemical bonding, which prevents skin detach-
ment due to warpage.

Regarding the failure modes, specimens 1, 3, and
5 failed due to the buckling of one of the skins, which is
accompanied by a compressive failure of the core mate-
rial. The reason behind the buckling of a single side is
the local anisotropy of the recycled skin. Specifically,
damage is initiated at the position where the fiber orien-
tation is the least favorable. On the other hand, speci-
mens 2 and 4 failed due to the failure of both skins under
compressive stress, while the core material remained
intact, which increases the compressive strain. The
intactness of the core material and the strong skin/core
bonding prevent catastrophic failure in specimens 2 and
4 allowing them to continue carrying loads beyond their
maximum compressive strength values, as seen in
Figure 9A.

3.4 | Flexural test results

By analyzing the mechanical behaviors of the fiber com-
posite skin and core components, theoretical estimates
can be derived for the failure load, stress–strain relation-
ship, and load-deflection behavior of sandwich composite
structures subjected to flexural loads.50 Common failure
mechanisms observed in these structures under bending
loads include skin compressive or tensile failure, as well
as core shear failure.51,52 In the mechanical evaluation of
sandwich composite structures, it is typically assumed
that the core primarily supports shear loads, while the
skins are responsible for bearing tensile and compressive
loads during flexural loading.53

Figure 10 presents the test results and the fracto-
graphic images of the 4–pt bending test. By analyzing the
load-strain curve of all specimens, it can be concluded that
each specimen undergoes four loading stages, as demon-
strated in Figure 10A. In stage 1, the load increases line-
arly with respect to displacement, which means that no
damage takes place in this stage. Stage 2 marks the onset
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of damage accumulation in the core material, resulting in
a reduction in stiffness, although it remains constant
throughout this stage. The constant stiffness in stage
2 hints that the damage accumulates in a steady and con-
trolled manner. Stage 3 begins with the failure of the core
material, causing a drop in load values. Finally, in Stage
4, the load starts to increase again gradually, resulting in
high deformation as the structural support of the core
material is absent and the upper and lower composite
skins take on the load. Stage 4 ends with the ultimate fail-
ure of the specimen, resulting in a sharp decline in load
values. The fractographic images in Figure 10C show the

failure modes of the core and the skin materials. It can be
seen that the core fails in shear mode, featuring multiple
shear bands highlighted by the yellow arrows. This obser-
vation supports the earlier discussion on controlled dam-
age accumulation. On the other hand, the skin fails under
compressive stress without skin/core debonding, which
results in a sharp drop in load value at the ultimate failure
of the specimen. In Figure 10B, a bar depicts the average
facing strength of 59.23 MPa with a coefficient variation of
5.58, as well as a core shear yield strength of 1.26 MPa
with a coefficient variation of 6.9. These values are calcu-
lated using Equations (1) and (2).54

FIGURE 9 (A). Compressive stress–strain curves, (B) average compressive strength and compressive strain values of sandwich

composite specimens, and (C) failure modes of the specimens.
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σð Þ4p ¼
1

8

S Pið Þ4p
bhs hcþhsð Þ

, ð1Þ

τcð Þmax ¼
Py

� �

4p

2b hcþhsð Þ
, ð2Þ

where Pið Þ4p and Py

� �

4p
denote the load value at the first

sharp drop of the load–displacement slope and 2% offset
yield strength, respectively. S represents the sample sup-
port span distance. The parameters hs and hc correspond
to the thickness of the face sheet and core material,
respectively.

Naresh et al. conducted a 4-pt bending test on sand-
wich structures composed of CFRP face sheets (1 mm
thick, made of epoxy resin reinforced with woven carbon
fiber) and a Nomex core (10 mm thick). Their results
indicate a face sheet bending stress of 35.48 MPa and a
core shear stress of 0.93 MPa.54 The utilization of
recycled ROS CF/PEKK skins in sandwich structures
demonstrates better flexural properties than thermoset

counterparts of the same thickness. In addition, Zhu
et al. performed flexural tests on Nomex core sandwich
composites and reported an average shear strength of
0.91 MPa, which also supports the flexural results of this
study.55 This can be attributed to the fact that the pri-
mary load-bearing capacity originates from the type of
skin material and its properties, which significantly influ-
ence the overall performance of the sandwich structure.

3.5 | Charpy impact test results

The Charpy test is essential for evaluating the toughness
of materials under impact loading, as it quantifies the
energy absorbed by a material before failure. This param-
eter is particularly important for assessing the mechani-
cal performance of sandwich composites.56 During
flatwise Charpy impact testing, the load is applied along
the thickness direction of the sandwich structure. The
fracture starts at the impact point and then propagates
through both the core and the bottom skin.57 The average

FIGURE 10 (A) Force-flexure strain curves and (B) average facing strength and core shear yield strength values of sandwich composite

specimens, and (C) post-fracture images of the 4-pt bending test specimen.

12 ÖZBEK ET AL.

 1
5
4
8
0
5
6
9
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://4
sp

ep
u
b
licatio

n
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/p

c.2
9
6
8
9
 b

y
 T

est, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
3

/0
3

/2
0

2
5

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



energy and the average impact energy values of five
tested sandwich composite specimens are 7.14 J and
49.96 kJ/m,2 respectively, as shown in Figure 11A. The
measured average impact energy value closely aligns with
a study in the literature that reported a value of 54.4 kJ/m2

for sandwich structures with carbon fiber plain weave
skins and a Nomex core.58 Although the use of randomly
oriented CF/PEKK strands leads to variations in strand
orientation within the recycled skins (Figure 11B), it yields
a low standard deviation of 3.77 in the average impact
energy value of the sandwich composite structures.

Additionally, Figure 11C–F present the micrographs
of fractured Charpy impact specimens. As can be seen
from the lateral surfaces of the sandwich composite, the
upper skin (Figure 11C) and the lower skin (Figure 11D)
exhibit a similar failure behavior where inter-strand

debonding, strand splitting, and plastic deformation take
place. This is interesting because during the impact, the
upper skin is subjected to compressive stress while
the lower skin is subjected to tensile stress. The reason
behind this is the discontinuity and the randomness of
the CFs which makes the aforementioned failure modes
less energy demanding. Additionally, the inter-strand
debonding is accompanied by significant plastic defor-
mation, evident from the formation of cusps and the
rough fracture surface at the strand boundaries as
shown in Figure 11E. Moreover, Figure 11F shows that
core material fails under compression, as apparent from
the kinking of the cell walls of the core. This is because
inter-strand debonding and strand splitting cause stress
relaxation in the skin/core interface, which minimizes
in-plane shear stress.

FIGURE 11 (A) Average energy (J) and impact energy (kJ/m2) values, (B) scanning electron microscopy (SEM) image showing the

strand orientation of the sandwich composites, and (C–F) SEM fractographic images of damaged sandwich impact specimens.
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3.6 | Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) results of
the sandwich composite specimen are presented in
Figure 12. In Figure 12A, the storage (E') and the loss
(E") moduli show that the thermal mechanical response
of the specimens is complexly influenced by the com-
bined effects of the thermoplastic skin, the phenolic-
based core, and the epoxy-based adhesive film.59 In the
temperature range of 25–60�C, the storage modulus
decreases as the mobility of polymer chains increases. As
these chains begin to slide past one another, the overall
rigidity of the polymeric structure is reduced. Simulta-
neously, the loss modulus rises, indicating increased
internal friction due to chain movement, which results in
greater energy dissipation within the material. At around
60�C, the rate of decrease in storage modulus slows
before it increases again as the adhesive film and the core
material undergo their glass transition. The glass transi-
tion temperatures (Tg) of the epoxy resin in the structural
adhesive and the phenolic resin in the core material
occur in close proximity, as indicated by the overlapping
loss modulus peak around 108�C. This thermal behavior
suggests a similar transition range for both materials,
which is reported in the literature.59 After the glass tran-
sition of the core and the adhesive, the storage modulus
continues to decrease, and the loss modulus forms
another peak at around 150�C as the CF/PEKK reaches
its glass transition temperature. These results are also
reflected in the tan (δ) values (Figure 12B) where tan (δ)
exhibits a positive trend until the glass transition temper-
ature of the core and the adhesive film. As the energy dis-
sipation decreases after the glass transition of the core
and the adhesive film, tan (δ) values decrease before they
increase again due to the CF/PEKK skins undergoing
their glass transition.

4 | CONCLUSION

The integration of recycled composite skin in sandwich
structures provides environmentally friendly, cost-effective,
and mechanically efficient characteristics, making it suitable
for aerospace applications in secondary load-bearing struc-
tures. In this concept, waste CF/PEKK strands are consoli-
dated using a hot press under vacuum bagging to achieve a
low void content, which is essential for aerospace structural
applications. Integrating the recycled ROS CF/PEKK skins
into the sandwich structure proves successful in eliminating
the warpage problem due to the enhanced skin/core bond-
ing facilitated by APA. Afterward, a series of test methods,
including flatwise, 4-point bending, edgewise compression,
Charpy impact, and dynamic mechanical analysis (DMA),
are conducted to assess the mechanical performance of the
sandwich composite structures. The flatwise tensile test
demonstrates the superior bonding performance of the core
to the recycled skin, with a strength value of 2.28 MPa.
Charpy impact test results in an impact energy value of
49.96 kJ/m2 which is comparable to sandwich structures
with continuous plain weave CF skins. Moreover, a low
standard deviation is achieved despite the varying strand
orientation of the recycled CF/PEKK. In addition, SEM and
stereo microscope images are captured to support the flat-
wise tensile and Charpy impact test results. The results of
the 4-point bending test show that, after the failure of the
core material under shear stress, the recycled CF/PEKK
skins continue to withstand loads until the fracture point.
Upon examination of the edgewise compression specimens,
various failure modes, skin failure under compression, and
core failure due to buckling, are observed. In the DMA, the
lower glass transition temperature (Tg) of the honeycomb
core material causes the storage modulus of the sandwich
composite structure to decrease rapidly. The overall assess-
ment provided in this study demonstrates that integrating

FIGURE 12 The results of dynamic mechanical analysis: (A) Storage and loss moduli and (B) tan (δ) values of the sandwich composite

structure.
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ROS composites into sandwich structures as skin materials
can eliminate geometrical instability due to warpage. Addi-
tionally, sandwich structures with ROS composite skins pro-
vide a mechanical performance suitable for aerospace
secondary load-bearing applications.
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