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Editorial

Editorial for the Special Issue on Carbon Fiber Composites,
Volume II

Jiadeng Zhu

Smart Devices, Brewer Science Inc., Springfield, MO 65810, USA; zhujiadeng@gmail.com

Fibers with lengths much larger than their widths have been developed over centuries
because of their unique properties [1–4]. Therefore, these fibers have been extensively
applied in different fields, including wearable electronics, energy storage, sports, and
environmental protection [5–8]. Many materials, such as polymers, metals, and metal
oxides, can be made into fibers using various approaches [9–12]. Among these materials,
carbon fibers (CFs), which contain mostly carbon atoms, have attracted tremendous interest
since their discovery in the 1860s because of their mechanical properties, chemical resistance,
and electrical/thermal conductivities [13–16]. Additionally, CF-derived composites are
lighter in weight and provide superior performance compared with other fibers because of
their high strength-to-weight ratio. As such, these CF-derived composites show promise
for developing next-generation composites for various practical applications [17–22].

This Special Issue includes papers reporting studies related to the development of ap-
proaches to improve the structure and processing design of CF-derived composites [23–25],
analyses of these composites from both experimental and computational aspects [26–29],
and the various applications of CF-derived composites (i.e., catalysts, sensors, and risers
for deep-water) [30–32]. Çelik et al. investigated the effects of line processing parame-
ters on the properties of a carbon fiber epoxy composite, finding that fiber straightness
plays a critical role in mechanical performance [33]. The influence of the notch shape
and size on carbon-fiber-reinforced epoxy was explored by Cao et al. [34], in which the
samples with/without notches were tested for comparison. The features of the failure were
identified and compared among these specimens. Khozeimeh et al. found that carbon-fiber-
reinforced polymer (CFRP) in a manipulator’s structure enhanced the static and vibrational
properties of the manipulator, increasing its loading capacity [35]. Some other factors may
also affect the final properties of CFRPs, such as stacking sequence and overall thicknesses.
Wu et al. studied the effects of the pores generated during the fabrication process on
the residual stresses in a composite [36], and the results were experimentally analyzed.
In addition to the above-discussed experimental methods, modeling was performed to
understand the working mechanisms of CFRPs. For instance, Burgani et al. developed a
finite-element model to explain the increase in load-bearing capacity achieved with the use
of CFRPs, which was validated with experimental data [37].

Some composite systems other than CFRPs have been studied. Tanaka et al. [38]
grafted carbon nanotubes (CNTs) via chemical vapor deposition onto CFs using Ni as the
catalyst. Li et al. tuned the intensities of electrochemical anodic oxidation to optimize the
surface modification of CFs to increase the loading of catalyst particles and enable CNTs to
be uniformly distributed on CFs [39].

Recycled CFs have received considerable interest, and the corresponding supply
chain has been well established because of the relatively low cost of and legislation on
CFs. For example, Vaidya et al. [40] developed a practical approach to recycle CFs with
thermoplastic resins (i.e., polyethylene, polyamide 66, and polyethylene terephthalate). The
corresponding mechanical properties of the resultant composites were further explored.
The proposed approach could benefit the design of sustainable composites.

J. Compos. Sci. 2024, 8, 307. https://doi.org/10.3390/jcs8080307 https://www.mdpi.com/journal/jcs1
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In summary, this Special Issue collects studies on different CF composites, including
those on the design of their structure, failure analyses, and applications. These studies
provide new insights into the fundamental understanding of CF composite systems, which
benefit their future design and accelerate their practical application.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: In recent times, the utilisation of marine composites in tubular structures has grown
in popularity. These applications include composite risers and related SURF (subsea umbilicals,
risers and flowlines) units. The composite industry has evolved in the development of advanced
composites, such as thermoplastic composite pipes (TCP) and hybrid composite structures. However,
there are gaps in the understanding of its performance in composite risers, hence the need for this
review on the design, hydrodynamics and mechanics of composite risers. The review covers both the
structure of the composite production riser (CPR) and its end-fittings for offshore marine applications.
It also reviews the mechanical behaviour of composite risers, their microstructure and strength/stress
profiles. In principle, designers now have a greater grasp of composite materials. It was concluded
that composites differ from standard materials such as steel. Basically, composites have weight
savings and a comparative stiffness-to-strength ratio, which are advantageous in marine composites.
Also, the offshore sector has grown in response to newer innovations in composite structures such
as composite risers, thereby providing new cost-effective techniques. This comprehensive review
shows the necessity of optimising existing designs of composite risers. Conclusions drawn portray
issues facing composite riser research. Recommendations were made to encourage composite riser
developments, including elaboration of necessary standards and specifications.

Keywords: composite riser; pipeline; marine riser; marine composite; marine structures; composite
structures; advanced composite material; thermoplastic composite pipes (TCP); fibre-reinforced
composites (FRP); hybrid composite structures; review

1. Introduction

In recent times, the utilisation of marine composites has grown in popularity [1–5].
This has been considered both as full thermoplastic composite pipes (TCP) or as hybrid
composite structures [6–10]. Particular applications of composites are seen in researches on

J. Compos. Sci. 2022, 6, 96. https://doi.org/10.3390/jcs6030096 https://www.mdpi.com/journal/jcs4
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composite risers [11–13]. The reason is that composites differ from standard materials such
as steel in a number of ways, and more marine designers now have a better understanding
of composite materials from flexible risers [14–16]. Secondly, these composite materials have
weight savings and comparative stiffness-to-strength ratio, which could be advantageous
in marine engineering [17–19]. Thirdly, the offshore sector has grown in response to newer
innovations in composite structures, such as composite risers [20–22]. In principle, more
subsea developments enhance successful drilling operations and provide new cost-effective
techniques. Thus, marine risers are crucial components of all subsea production systems,
termed SURF (subsea umbilicals, risers and flowlines) [23–27]. In composition, composite
tubulars like marine hoses and composite risers are composed of various layers, with
internal and external polymer sheaths to ensure internal fluid and exterior sea water
integrity [28–33]. To ensure the reliability, vortex-induced vibration (VIV) and fatigue
studies have been conducted on SURF structures under global loadings and deep-water
conditions [34–37]. Figure 1 presents some floating deep-sea offshore platforms and marine
riser configurations.

Figure 1. Deep-water facilities showing offshore platforms with the configurations for marine risers.
Fluids are directed from the well to the Modular capture vessels (MCV) via flexible pipes and risers
in a cap and flow system, which are part of an expanded containment system. (Courtesy: Marine
Well Containment Company (MWCC)).

At extreme depths around 3000 m, the risers are induced by external loadings, cor-
rosive fluids, increasing pressures, changing temperatures, etc. [38–43]. As such, it is
important to effectively test these composite production risers (CPR) against test limits of
steel catenary risers (SCR) and other bonded composite pipes to avoid failure of the ma-
rine riser [44–47]. Composite production risers (CPR), hose-lines, pipelines and flowlines,
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convey hydrocarbons as fluids and production ingredients [48–52]. These fluids include
injection fluids, control fluids and gas lift. Risers are primarily used to move fluids or gas
from the seabed to a host floating platform or onshore facility or to a transfer vessel [53–55].
However, risers are affected by vibrations and thus require tensioners designed for the
control of marine risers [56–58]. Different failure modes have also been recorded on marine
risers [59–64]. Additional riser functions, depending on the application, include: conveying
fluids between the wells and the floating, production and storage (FPS) units. The fluid
types include production, injection, importing, exporting or circulating fluids used for
operation between the FPS and remote equipment or pipeline systems; guiding drilling or
workover tools and tubulars to the wellbore as well as into the wells; supporting auxiliary
lines; and serving as, or incorporating, auxiliary lines [65–67]. However, these ISO stan-
dards do not cover composite riser design and analysis. Typical composite riser joint (CRJ)
is seen in Figure 2. Developments made are also detailed in Table 1.

Figure 2. The stack of Norske Conoco AS and Kvaerner Oil Field Products (NCAS/KOP) composite
drilling risers (CDR) which held the first composite riser joint (CRJ) for Heidrun Platform with an
assembly of titanium liner connector. (a) CDR Joint Located Over Titanium Drilling Riser Joint, and
(b) Titanium Liner-Connector Assembly of NCAS/KOP Composite Drilling Riser (Courtesy: OTC’s
OnePetro Publisher; Norske Conoco AS; and Kvaerner Oil Field Products; Sources: [66,67]).
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As seen in scholarly works and industry research on composite risers as tabulated in
Table 1, more novel methods have been employed in recent times. Historically, the progress
made in this field was magnified when the first CPR joint was installed on Heidrum
Platform in 2002 [88,89], as depicted in Figure 2. Some designs guidelines for marine risers
were also given in standards. An earlier analysis of several marine risers, with design
methodology, was published in the API 16J Bulletin ([166]), which has been replaced and
developed into recent standards like the ISO 13624 [167,168], ISO 13625 [169] and ISO
13628 [170–179], and API [180–184]. Moreira et al. [185] investigated a 0.445 m-ID workover
riser system built for a 3000 m water depth and deployed it, excluding any umbilical via
an autonomous control system. The findings from earlier studies, application of these
standards and advances made led to other cost-effective composite riser joint. In another
study, Cederberg [109] found that composite riser joints had common issues that arose
were autofrettage and the metal–composite interface on the CPR joint. Similar findings
have been examined in different models [78,100–103,114,186–190].

These studies conducted on the stress analysis of composite riser joint and its compos-
ite tube showed that there is a connection between the end-fitting and the composite tube.
As such, optimisation is recommended to obtain the best orientations, lay-up angles, num-
ber of layers, type of materials to use, fibre design, matrix design, resin-coating material, etc.
These include investigations on the microstructure of the composite materials conducted to
ascertain different failure modes and material strengths of these novel materials. Notable
industry players in recent times in the field of composite risers include Magma Global of
Technip FMC [191,192] and Airborne Oil&Gas (now Strohm) [193,194]. Some qualifications
were achieved in recent times on composite riser and TCP tubes. Magma Global had quali-
fied a composite riser tube earlier in 2013, while Airborne Oil & Gas qualified some TCP
pipes circa 2017. In the later, the qualified composite riser was deployed as the first subsea
TCP flowline to use hydrocarbon fluid services efficiently by Airborne Oil & Gas. Similarly
in the former, OCYAN and Magma Global have also effectively configured m-pipes on CPR
for pre-salt Brazil, as depicted in Figure 3.

Figure 3. CompRiser as cost-saving composite riser with m-pipe’s decoupled solution, which is
lightweight, with 7000 tons less of load per FPSO (considering 2 towers) in a collaboration between
Magma Global and OCYAN. (Reproduced with permission obtained from Magma Global to reuse
image of m-pipe application).

This has also led to advances in the use of TCP pipes on composite risers and related
marine composite tubulars for water injection, transport, product transfer and loading and
fluid discharge services [31,51,150]. Based on numerical models presented on different
CPR models of well-validated composite risers with safety profiles from results of the

8



J. Compos. Sci. 2022, 6, 96

stress analysis, conducted in ANSYS APDL [137–142] and ANSYS ACP [143–146,149–152],
respectively. Additionally, both researchers used different platforms—while the former
used a TLP (tension leg platform), the later used a SPAR (single-point anchor reservoir)
and a PCSemi (paired-column semisubmersible). However, both models reflected different
novelties in modelling approaches and showed that the full application of composites is
feasible using multilayered composite structures and effective liner material for layering
the structure. Other comparative investigations on steel risers and composite risers have
revealed that composite risers offer numerous benefits, particularly a low weight and cost
savings [65,98–104,195–199].

Thus, the aim of this review is to conduct a comprehensive overview on the design,
developments, and mechanics of composite risers, including their end-fittings, for offshore
marine applications. Section 1 presents an overview of the current position on composite
risers within the offshore industry, in comparison to related existing applications of com-
posite materials in deep waters. Section 2 presents the design with detailed analysis of the
advances in composite riser research for deep waters. Section 3 presents studies that reflect
the mechanical behaviour including fatigue. It also includes findings from selected studies
on analytical, numerical and experimental studies on composite risers. This study presents
the merits and demerits on the application, qualification and utilisation of CPRs.

2. Design and Manufacture

In this section, the advances in mechanics, design, modelling and qualification of CPRs
are presented.

2.1. Advances in Composite Risers

Composite materials for offshore applications were first introduced about seven
decades ago. They have piqued the interest of the offshore oil and gas industries, ow-
ing to their high specific strengths and stiffnesses, which help with weight reduction
and cost savings. Earlier investigations on composite risers have been conducted and
showed good results [68–76,88–91]. However, composite applications in composite risers
have transiting barriers and are thus seen as an enabling technology [65,119]. Compos-
ites are currently used in different components such as accumulator vessels, composite
tethers, flexible risers, tensioners, buoyancy cans and the topside of platforms as well
as on flow-lines, spoolable tubings, spoolable pipes, buoyancy modules and buoyancy
floats [5,55,83,200–205]. However, their application in risers has been limited to prototype
production and drilling risers to date, despite that they may significantly reduce the weight
of deep-water operational systems [93,94,105–110]. Although the material costs of FRP
composites are higher than those of steel, many previous studies have shown that their
total life-cycle costs will be lower due to the add-on effects of their weight savings for
other system components. These components include the reduced stacked volume of BOP,
reduced total system weight, top-tension requirements, mooring pretensions, reduced
platform sizes and buoyancy weights [55,110]. An increased water depth implies that there
will be larger platform payloads and additional load conditions which might be severe,
necessitating significant increases in the amount of manufactured steel needed as well as
extra mooring pretensions. According to some estimates, a one-pound increase in platform
payload costs an additional four to seven dollars [55,199]. The top tension required to apply
to a riser grows as its operational depth increases, necessitating more buoyancy in the hull
and a larger platform. Due to the increasing hydrostatic pressures experienced, both the
needed length of the riser and its thickness increases.

As a result, increasing depth has a two-fold influence on a riser’s weight and, as a
result, the top tension required. According to research, the size of TLPs increases at a
considerably faster pace as their top tension increases [200–202], limiting the number of
risers that can be used or the depth to which they can be used [206–210]. Based on the
present capabilities, the maximum depth to which a steel riser can be deployed cheaply
depends on the available platforms. For production risers, between 1000 and 1800 m
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is a good range, while drilling risers require depths exceeding 3000 m [23–27,41]. As a
result of the weight savings from composite risers, more risers can be built at existing
depths attributable to the use of FRP composite materials [211–220]. Also, production and
the viable utilisation of petroleum resources will increase to even lower depths by using
composites [221–230]. In addition to having a lower density, FRP composites have a higher
strength-to-weight ratio [231–240]. Excellent damping, thermal insulation and corrosion
and fatigue resistance will result in greater savings by lowering maintenance costs by
using composites [241–251]. However, appropriate testing and qualification is required to
successfully use composite materials in marine risers. It is also necessary to evaluate the
durability of the product in sea water. In the research by Venkatesan et al. [252], carbon-
fibre-reinforced polymer (CFRP) composites were observed to have long-term qualities
after being exposed to clean water and sea water at the same time, with noteworthy
differences under various temperatures. Many researchers also concur with the finding that
the CFRP’s long-term tensile strength is lowered to between 80% and 95% of its original
value in the short term [252–258]. It was also discovered in another study by Bismarck
et al. [58] on the evaluation of the carbon/PEEK thermoplastic composite that although
its axial tensile strength was unaffected by boiling water, its transverse tensile strength
was affected. After being exposed to boiling water, the tensile strength of the material was
reduced. It was determined that, in order to avoid failure, thermoplastic composites must
have a maximum service temperature that is far below certain polymer matrices’ glass
transition temperatures. Aside from carbon fibres, there are other fibres, such as glass and
aramid, and other synthetic high-performance fibres, such as Toray, Spectra, Dyneema,
Zylon, M5 and Victrex PEEK, that are also often used in composites. Nonetheless, the
choice of material for subsea conditions (such as water ingress) is sensitively dependent on
the performance of composites reinforced with these fibres because a reduction in tensile
strength can lead to a severely reduced performance of the composite tubular [259–265].

In addition to studying the mechanical properties of composite materials in sea water,
there are effects from fatigue, load distributions, global responses and performances of the
full-length composite riser. However, the CPR tube, its stress joint, steel tension joint and
other standard joints face global functional and environmental conditions [98,143–146,266].
The effects of functional loadings have also been studied in comparative studies presented
on both steel and composite risers, including vortex-induced vibrations (VIVs) and reso-
nances on the CPR [11,55,199–202,246]. Generally, it was discovered that as the water depth
increases, the tension force diminishes, and the maximum tension force is reached. The
stress joint at the bottom bears the brunt of the bending moment, followed by the joints
across the surface of the sea, called the mean water level (MWL), displaying larger bending
moments than those in the riser string’s midsection [98,101,200–203]. However, when it
was compared to an all-steel riser, the axial stress and bending were significantly reduced
along a composite riser’s full length, comprising tension, standard and stress because of its
smaller total weight, it had fewer joints. The fantastic fatigue resistance of FRP composites,
particularly carbon-fibre-reinforced composites, contributes to their significance. In prin-
ciple, the structural composition of the CPR tubular body and the composite riser joint is
predicted to have an indefinite fatigue life, depending on the material composition, whereas
those of the joint’s metal liner, the metal–composite interface (MCI), the steel tension joint
and stress joints have been proven to be adequate. It is noteworthy to state that the fatigue
characteristics of FRP composites can vary, with respect to the basic materials selected and
the manufacturing technique used, whereas the fatigue life of its steel liner welds can be
significantly reduced. Based on the VIV and resonance investigation on CPRs, some studies
reported a resonant response reflecting that the composite riser’s response is due to the high
resistance of the system in sea water, as it showed no noticeable resonance in comparison
to the steel riser [98,266]. Kim [98] showed that the drag force and vibration amplitudes in
its bottom section were very small. This implies that the vibration waves were significantly
more damped as they descended from the top of the composite riser than they were as they
descended from the top of the composite riser in the steel riser. The fundamental frequency
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of VIV in composite risers was discovered to be less due to its comparative lower mass,
but that its worth was relatively insignificant [98–104]. This behaviour was confirmed in
some recent studies [143–146] showing that the fundamental frequency of VIV in composite
risers was lower due to the stiffness property of a composite riser because the composite
riser was sensitive to structural damping and tension fluctuations. Generally, the VIV
could be reduced by increasing tension and damping in the composite riser. According to
Omar et al. [200], the maximum VIV strains created in a composite riser were nearly half
the weight of a comparable steel riser, indicating that composite risers are more durable.
Steel risers have a far shorter fatigue life than aluminium risers. An investigation on VIV
and fatigue was demonstrated on composite risers by Huang [203] and opined that in the
composite riser, the damage produced by both long-term and severe currents was moderate
compared to that inflicted to the riser lacking VIV suppression. However, the addition
of strakes could assist in the suppression of VIV with efficient suppression control. As a
result, strakes are typically utilised with caution to provide an extra margin of safety in
such situations involving VIVs.

The benefits of FRP composites are obvious from the explanation above. Due to their
superior qualities, such as high specific stiffness, they have advantages over steel. Thy
have high corrosion resistance, fatigue resistance, improved thermal insulation, superior
damping and a light weight, resulting in improved global responses and performances. In
addition, they have better VIV distributions, better fatigue, better bending profile, better
stress distribution and better tension distributions along the length of riser responses.
However, these are dependent on the materials chosen for the CPR, the global loading
and CPR configuration. These attributes also result in a lower cost, easier installation and
a longer service life. However, these factors make composite risers efficient by reducing
deck loads, lowing platform size, reducing mooring pretension, reducing top tension,
reducing system weight, reducing buoyancy weight and the stacked volume. Since all
these factors contribute to a lower total cost, they make composite risers more cost-effective.
Furthermore, several design variables, including the liner thickness, the fibre and matrix
combinations, stacking sequences, composite lamina thicknesses and fibre orientations, can
be modified to customise (or tailor) the design of a composite riser to specific requirements.
A customised design that fully optimises these variables can improve the benefits of FRP
composites and achieve larger weight reductions [79–81]. Figure 4 depicts a summary of
the areas of composite risers reviewed herein.

Figure 4. Reflection on sections and aspects covered in this composite riser review.
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2.2. Qualification of Composite Risers

Figure 5 shows typical designs of TCP composite pipes, showing model cross-sections
from Airborne Oil&Gas and Magma Global. Both pipe designs use TCP materials and have
been qualified. Based on different experiments on composite tubes and composite risers,
there are attempts to qualify composite tubulars hence elaboration of related standards and
regulations by DNV [267–275]. These standards and other presentations on the qualification
of TCP composite pipes and composite risers that led to the development of the DNVGL-
RP-119 standard [84,85,275]. However, there are still more challenges concerning the
qualification. According to an offshore market report on flexible pipes by Lamacchia
D. [217], flexible pipes with an inner diameter (ID) of 4–8 inches account for 80% of all
flexible pipe applications, as shown in Figure 6. For numerous years, the flexible market
limit has been set at PxID = 80,000 psi.inch, with high pressure–high temperature (HPHT)
flexible risers qualified up to 20 ksi by TechnipFMC. The bulk of flexible tubing in use has a
PID value of less than 50,000 psi-in, which is noteworthy.

Figure 5. TCP composite pipes by (a) Airborne Oil&Gas, and (b) MagmaGlobal.

Figure 6. Qualification roadmap of flexible pipes, TCP pipes and composite risers in industry,
showing manufacturers including NOV & Technip FMC, Airborne Oil&Gas and Magma Global.
(Source: [217,276]; Data extracted from [277]; Courtesy: Leviticus Subsea. Permission to use this
image was obtained from Lamacchia D).

TechnipFMC appears to be better positioned for HP projects in the flexible market,
whilst NOV appears to be more dedicated to the low-pressure sector. Among these two
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competitors, GE (formerly Wellstream) flexibles wants to enter the HPHT market with
the release of a “hybrid” riser with a composite layer. By using different inner diameter
(ID) pipes, the Airborne and Magma Global met offshore market demands for pipes with
mid-pressure and mid-temperature applications. These manufactured composite pipes
are aiming to reach the same status as the NOV and GE flexible market pipes. Airborne’s
market limit appears to be PxID = 75,000 psi.inch, based on their expertise and qualifications.
The Magma composite pipe is aimed at the HPHT market segment, which is focused on
ultra-deep-water applications and is a market that TechnipFMC and GE are pursuing with
new research and development as well as the addition of composite layers to lower overall
riser weight. Magma’s market constraints appear to be at PxID = 90,000 psi.inch, based on
their expertise and qualifications [276–280]. With a maximum ID of 7.5 inches, both Magma
and Airborne TCP are tailored to small-diameter-ID pipes, which are typical in riser, jumper
and downline applications. Larger diameters imply entry into the flowline and pipeline
industry, and significant expenditures will be necessary to update real plant capacities,
including spooling reels for longer flowlines, in addition to competing not just with flexible
pipes but also with inflexible steel pipes. Based on the qualification, the composite riser
goes through a validation process once it is designed to guarantee that it can be used on site
without endangering the offshore platform. A thorough understanding of the certification
methods and risk-based methodologies in DNV-RP-A203 [274] is critical to the success of
any high-integrity engineering utilising HPHT.

2.3. Material Characterisation and Metal–Composite Interface (MCI)

An important aspect of the composite riser review is the discussion on the material
characterisation and microstructure of composite materials used in developing composite
risers, as depicted in Figures 7 and 8. Since the designs of composite risers are based on
material designs on their laminas, further investigations on the material strength and effect
of the lay-up sequence can be conducted. Each of the laminas (or layers) are made of matrix
and fibres, manufactured together, at an orientation angle and with a microstructure, as
illustrated in Figure 8a. Different studies have shown that the lay-up sequence has an
effect on the strength characteristics of the composite structure [131,257,258]. Another
critical aspect of the CPR is the metal–composite interface (MCI). MCI is considered a
mechanical attribute of the CPR as well as the thermal conductivity, stiffness and other
strength properties of the composite material. The laminate microscopy in Figure 8b shows
that the layers of the composite material are structured along different orientations and
patterns. In principle, carbon fibres have a higher modulus and strength than glass fibres;
however, glass ribbons are more shock-resistant and cost less [237–239]. The resin used
is typically chosen based on its ability to absorb oil, water, gas or other fluids. On the
other hand, the liner can be made from a thermoplastic extrusion, as in Picard et al. [95],
where the liner is the first barrier that the internal fluid encounters, and the thermoplastic
material chosen is based on the design requirements. Furthermore, considering the kind
of loads faced by a CPR and the variances in material qualities between the orthotropic
composite and the isotropic steel, the MCI connection must be cost-effective. Since MCI is a
mechanical attribute, it is required that systems that have couplings such as end-fittings
undergo HPHT processes for the manufacturing of composite risers, composite tubes,
TCP pipes and composite flowlines, depending on the material compositions under high
temperatures. Therefore, the MCI is critical, as it provides a secure connection between the
composite body and metal couplings at a riser joint’s terminations [95,186,187].
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Figure 7. Design procedure for TCP material characterisation. (Courtesy of Airborne Oil&Gas).

Figure 8. Depiction of (a) design concept of TCP pipes and (b) laminate microscopy. (Reproduced
with permission of Jak Annemarie and Martin van Onna; Courtesy of Airborne Oil&Gas).

2.4. Loading Conditions

The background on marine waves was established by earlier scientists, such as
Moskowitz, Pierson, Hasselmann, Kalman, Morison, Bernoulli and Newton [281–285].
They researched the performance of floating structures under various load influencers.
These influencers are ‘environmental forces’, such as ocean waves, external pressures, flows
in pipes, flows around cylindrical structures, etc. Hence, the investigation on composite
risers using these factors laid the groundwork for hydrodynamics, marine waves and ocean
engineering. Figure 9 depicts a typical composite riser with the loadings on it, such as
waves and current. Wave forces are regarded as a critical aspect in any riser study since they
aid in determining control of top tension, VIV and fatigue prediction [196–199,250,286–297].
Based on industry specifications DNV-RP-F202 [269] and DNV-OS-F201 [270], there are
four types of loads on composite risers: accidental loads, environmental loads, functional
loads and pressure loads, as tabulated in Table 2.
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Furthermore, the pressures exerted by both internal and exterior fluids must be
considered while designing composite risers. Under either static or dynamic conditions,
the internal fluid pressures, external hydrostatic pressures and the pressures induced by the
risers’ operating sea depth all contribute to pressure loads. Functional loads, on the other
hand, are those that arise as a result of the systems’ quiddity, operation and subsistence,
with disregard for incidental or environmental impacts. Additionally, it includes the riser’s
applied top tensions throughout the design and installations, as well as thermal loads.
The ocean environment imposes environmental pressures either directly or indirectly,
called environmental loads. The loadings that occur by chance and must be analysed
against a goal failure probability are called accidental loads. Thermal effects and applied
loads cause stress to develop along distinct laminas of the body of the composite tubular
structure [278–280].

Figure 9. Depiction of composite riser system with loads, layers and cross-sectional cut.

Table 2. Different types of loads (Sources: DNV-OS-F201; 2010 and API RP 2RD).

F-Load or Functional Load E-Load or Environmental Load P-Load or Pressure Load A-Load or Accidental Load

Weight of riser Floater motions due to currents,
waves and wind

Internal fluid pressure
(dynamic): global load

effects can be generated by
both slugs and pressure

surges on compliant
configurations)

Risk analysis related to
support systems, such as

loss of mooring line and loss
of riser.

Weight of the internal fluid Vessel motions Internal fluid
pressure (static)

A loosened tensioner in
the system

Applied tensions on
top-tensioned risers (TTR) Waves Internal fluid pressure

(hydrostatic)
Fire hazards, explosions and

riser collisions.
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Table 2. Cont.

F-Load or Functional Load E-Load or Environmental Load P-Load or Pressure Load A-Load or Accidental Load

Installation-induced
residual loads or

prestressing
Current External hydrostatic

pressure
Flow-induced impact

between risers

The preloads of connectors
Due to changes in water density,

internal waves and other
phenomena.

Water levels Impacts from dropped
objects and anchors

Guidance loads and applied
displacements, plus support

for floater’s active
positioning system

Dynamic load effects, such as slug
flow generated from the fluid

pressure (P-Loads)

Naturally occurring
environmental issues, such

as earthquakes, tsunami,
icebergs and hurricanes

Construction loads and
loads caused by tools

Icey locations having ice formations
or tendency to develop, be slippery

or drifts

Failure of lower marine riser
package (LMRP)

Soil pressure on buried
risers

Seismic effects such as earthquakes
(in seismically active regions)

Pressure surge and
overpressure of well tubing

Differential settlements Mean offset including current
forces, wind and steady wave drifts

Loss of pressure
safety system

Loads from drilling
operations Wave frequency (WF) motion

Seismic effects such as
earthquakes (in seismically

active regions)

Thermal loads Low-frequency (LF) motion
Load from anchor, hooks

and support systems
(hook/snag load)

Inertia Partial loss of
station-keeping capability

Internally run tools Internal pressure exceeded

Buoyancy of riser (including
absorbed water),

attachments, fluid contents,
anodes, marine growths,

buoyancy modules, tubing
and coatings.

Risk analysis related to
monitoring failure, such as

dynamic positioning system
(DPS), loss of buoyancy and

loss of heave
compensating system

2.5. Composite Risers’ Layers

Based on the loading conditions discussed in Section 2.4, the stress profiles and safety
factor profiles of composite risers can be generated, as given in Figure 10. The industry
recommendation in API-RP-2RD [164] stipulates that high-performing composite tubulars
have global stiffness as well as stress in various directions, such as fibre, transverse or
in-plane shear, as confirmed in Figure 10.

The results profile, using an array of 4 axial layers, 10 off-axis layers and 4 hoop
layers with an off-axis orientation of ±53.5◦, shows that the titanium liner used worked
effectively under the pure tension, collapse and burst loadings of the composite riser
modelled using AS4/Epoxy. The local/global design of multi-layered composite risers has
been conducted by different research groups as seen in Table 1. The justification for this
is that each composite riser design is based on material attributes; thus, the forces on its
laminas are subject to its equivalent properties. Each of the laminas (or layers) are made
of matrix and fibres, manufactured together, at an orientation angle. A typical composite
tubular structure showing its microstructure is depicted in Figure 8b.

16



J. Compos. Sci. 2022, 6, 96

Figure 10. Composite riser with titanium as liners and configured utilising AS4/Epoxy for (a) fibre,
(b) transverse and (c) in-plane shear directions, subjected to (i) pure tension, (ii) collapse loads and
(iii) burst loads. The results were obtained from ANSYS ACP’s FEM. (Permission to reuse was
obtained from Elsevier Publishers, Source: [149]; Published: 15 February 2019; Copyright date: 2018).

2.6. Manufacturing Process

There have been different innovative concepts, designs and patents based on the
manufacturing process for composite risers. Salama and Spencer [92] patented a method
of manufacturing composite risers with liners aligned horizontally in a production line
that is filament-wound. Thomas [229] outlined the procedures for making a composite
production riser using filament winding. The traplock MCI, which consists of several
grooves to trap a series of composite layers and install them on a mandrel, is often the first
manufacturing process [92,160,229]. To make the riser’s inner liner, an elastomer layer, such
as uncured hydrogenated nitrile butadiene rubber (HNBR), is wrapped around the mandrel.
Wilkins [122] described the manufacturing method for a thermoplastic composite pipe
made from individual composite tapes that are 10 mm broad, 0.2 mm thick and hundreds
of metres long. Several glass and carbon fibres were encapsulated into the thermoplastic
matrix to form composite tapes, and adjacent tapes were placed in the same direction to
form plies oriented at different directions. These fibres were pressed throughout the entire
length of the pipe, and a laser heat source was used to apply thermal each incoming tape,
which was then cured chemically and subjected to a thermoplastic welding process to enable
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a high level of cohesion. This technique could be mechanised, and a robot could be utilised,
but it is worth noting that the manufacturing process is critical to the finished laminate’s
structural strength. A continuous process using a thermoplastic liner and composite-
reinforced carbon layers is used to manufacture a composite carbon thermoplastic tube,
which is fabricated by winding impregnated fibre ribbons around the thermoplastic liner
at specific angles, with the thermo-fusion controlled to ensure proper placement on the
liner. The CPR manufacturing process, according to Baldwin et al. [75,76], comprises an
examination of fibre stress rupture data, which aids in forecasting the composite structure’s
average stress rupture life, desired service life and reliability. During the manufacturing
process, special attention is paid to the end-fittings to guarantee that the connections
between the pipe lengths, anchoring and MCI are appropriately blended. It is critical to
alternate the hoop and axial reinforcements throughout the composite riser production
process, as this influences the mechanical properties of the composite riser. Figure 11 shows
an example of composite layers for the composite riser pipe showing lay-up patterns. It
is worth noting that the manufacturing method that industry leaders such as Airborne
Oil&Gas employ relies on some complexities in the capacity to create long lengths of
continuous pipe; meanwhile, the production technology has been certified by DNV for
the creation of qualified products. The composite polymers used in Airborne include
polyethylene (PE), polypropylene (PP), polyamide (PA), polyvinylidene difluoride (PVDF)
and polyether ether ketone (PEEK). According to Osborne [115], when the company creates
a PP composite pipe, it starts with a PP liner, then melt-fuses glass/PP tapes onto the
PP liner and melt-fuses a PP jacket on the exterior. According to the report, Airborne’s
technology produces a strong and stiff pipe comprising a single polymer and a single-
fibre system. It further reported that it was the world’s first manufacturer to succeed in
producing a continuous solid thermoplastic composite pipe, which differs from reinforced
thermoplastic pipe (RTP) in that RTP is frequently unbonded, requiring loose fibre layers or
tapes to be wound around the liner, before Magma Global joined in similar manufacturing
technique around 2015. RTP is unable to sustain external pressure and cannot be used in
deep waters offshore. The pipe from Airborne is made of a thermoplastic compound and
has three parts: a jacket, a composite and a liner, as shown in Figure 5. A thermoplastic
is used to make the lining. Strength and stiffness are provided by glass or carbon fibres.
The fully bonded flexible pipe is melt-fused during production; the pipe has a single solid
wall made of glass fibres, E-glass or/and S-glass. Carbon fibres, but not aramid fibres, are
the other material utilised, as the latter do not perform well under compression (So, a pipe
made from aramid cannot handle high external pressure.). The tape fibres are impregnated
into the plastic liner using the same plastic as the liner. As a result, the tapes are looped
around the liner and melt-fused to it, with the tape then being melt-fused to the underlying
tape and continued [115].

Figure 11. Typical composite riser structure showing (a) tubular structure and (b) the layers with two
different lay-up sequences.
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2.7. End-Fitting

In summary, these studies on the end-fittings will enable the designer to understand
the behaviour at the joints and connections. Additionally, the pressure exerted at the
joints of the composite risers creates some stress at these end-fittings. Lincoln Composites
reported numerical and experimental assessments of a composite riser end-fitting joint
using a CFRP tube and steel pipe (X80), which included the metal composite interface (MCI)
for autofrettage prestressing and a factory acceptance test (FAT) [109,110]. The FEA showed
the regions of high stresses on the neck of the end-fitting, mostly on the grooves, as shown
in Figure 12. It was conducted by first setting up the end-fitting, then axially stretching
the steel pipe. Secondly, a design pressure that exceeded its yield strength was exerted
during a burst or internal pressure test. Next, the pressure was relieved and reapplied at a
reduced scale. The results were recorded, and finally the pressure was released to relieve
the system.

Figure 12. Finite element model of composite riser end-fitting joint in ANSYS, showing (a) Compres-
sion stress in the steel pipe, and (b) the local design for the riser joint model (Permission to reuse
was obtained from (i) OTC’s OnePetro Publisher and (ii) Elsevier Publishers; Source: [109,110,160].
Published: (i) 06 May 2013; Copyright date: 2013; (ii) 22 December 2015; Copyright date: 2016).

In this review, three end-fittings are considered: the traplock end-fitting, Magma
end-fitting and Airborne end-fitting. Baldwin et al. [76] was the first recorded patent with
traplock end-fitting device. For thermoset composite risers, a traplock end-fitting was
created. A number of grooves are carved into the two ends of the mandrel in this design,
allowing load transmission between the composite laminate and the metallic connector
ends. The displacement vs. force profile of a traplock end-fitting with double the number
of grooves is shown in Figure 13a. Some comparative studies on end fitting designs are
carried out in literature [187]. These are based on different inventions and patents on
composite risers which are currently been applied in the industry [74,76,92,188].
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Figure 13. Results of displacement vs. force profiles for different models with load transfer mecha-
nism of traplock and Magma end-fitting models, to present the failure profiles from tension loads
on the body of the composite riser pipe. It shows the displacement-force curves of (a) trap-lock end
fittings with doubled number of grooves, (b) trap-lock end fittings with steeper grooves, (c) Magma
end fitting model with different composite laminates, and (d) trap-lock end fitting with steel riser and
other composite risers. (Permission to reuse was obtained from Elsevier Publishers, Source: [187];
Published: 4 June 2018; Copyright date: 2018).

As shown in Figure 13a,b, the load transmission was accomplished by a combination
of mechanical compression force and adhesive bonding force. Stress concentration and
possible debonding between the liner and composite laminate can be caused by the grooves
at both ends. The valley of the grooves with thinner walls may experience yielding, necking
and subsequent failure as a result of such debonding. To avoid this, the wall thickness at
the groove region was purposefully increased from the middle to both ends [74–76,187].
As a result of the thicker wall at the MCI region, the axial stiffness increased slightly, as
demonstrated by the force–displacement response. However, it had little effect on the
ultimate tensile load (UTL), which is mostly governed by interfacial strength, which is
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unaffected by extra grooves. The results of another end-fitting are shown in Figure 13b,
where the groove interfaces were steeper and saw-toothed, as suggested by Baldwin. This
adjustment had no effect on the response’s axial stiffness, but it did allow for a higher
UTL. The basic lengths of all grooves remained unchanged in all circumstances, suggesting
that the end-fitting section length in the cases depicted in Figure 13a is double that of
the length shown in Figure 13b, whereas the section length in Figure 13b is equals that
shown in Figure 13d, as seen in the cumulative results. For the Magma end-fitting shown
in Figure 13c, it can be seen that slope—either gentle or steep—and frictional coefficients
had an effect on the strength of the end-fitting.

The qualification of the Magma m-pipe design that incorporates a fibre and matrix
of Victrex PEEK to make composite laminates was reported in literature [121,122,126]. It
was demonstrated by applying an axial load of 23.9 MPa as an operational pressure load,
42.75 MPa as a test pressure load and an internal pressure load of 38.3 MPa. In an earlier
investigation on Magma end-fitting, Hatton [119] avowed carbon fibre/PEEK pipes to be
a potential enabler for offshore applications. The study covered the end-fitting design,
which enables further manufacturing activity by serving as a stable structural interface
with the steel end-fitting. As comparatively shown in Figure 13, each end-fitting has unique
features that make them useful for special applications, as seen in the Airborne end-fitting
in Figure 14a. The Magma end-fitting is presented in Figure 14b.

Figure 14. End-fitting designs for (a) Airborne end-fitting and (b) Magma end-fitting. (Permission
to reuse was obtained by the industry designers—Airborne Oil and Gas for Image (a) and Magma
Global for Image (b)).

3. Mechanical Behaviour

In this section, the mechanical behaviour is discussed and reviewed.

3.1. Strength Behaviour

A comprehensive analysis of the strength behaviour and economic consideration
of composite risers is carried out here. Economic assessments from literature show that
composite risers are comparatively more expensive than steel risers [55,196–199,217,246].
It has also been observed that different CPR models have been developed to ascertain the
strength of composite risers, in comparison to steel risers. Table 3 shows various mechanical
behaviours and loads that can be applied in a composite riser model when analysing the
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mechanical behaviour of composite risers. Steel is a universal benchmark material in riser
systems because it has tested track records, especially regarding failure behaviour and
strength characteristics. This is not the case with composites. Steel also has more design
codes than composite materials; thus, it differs from composite materials used for CPR de-
signs, as seen in their physical properties, as shown in Table 4. Additionally, in comparison
to composites, steel is heavy, requires high maintenance and fabrication, has a high instal-
lation but low material cost and must be coated because it is corrosive [135,235,293–295].
Comparisons based on the mechanical, chemical and physical properties of composites
against steel and wood have shown that composites to have excellent behaviour in coastal
environments, as opposed to mild steel [295–300].

Table 3. Models for analysis of mechanical behaviour of composite risers.

Type of Model Problems to Be Solved Loads to Check for

Composite risers Global analysis and local
analyses

Load distribution on
riser ends

Compound infinite
anisotropic

cylinder

Stress and strength analysis,
selection of layer thicknesses
and technological parameters

Dead weight, internal
pressure, external pressure,
residual stresses from force

winding and thermal
shrinkages

Compound
semi-infinite cylinder

Stress concentration and
length of boundary effect zone

Load distribution effect on
riser ends

Cylindrical sections of
different lay-ups on axial

coordinate

Selection of reinforcement
scheme at different depths

of sections

Load variation along axial
coordinate

Cylindrical section with
lay-up varying in wall

thickness

Optimisation of reinforcement
scheme of riser sections

Nonuniformity of stress fields
on wall thickness

Extensible weighted thread
Estimation of axial strength,
effect of extensibility of riser

axis on its deflection
Dead weight and flow-past

Flexible rod in linear
statement

Calculation of riser deflection
and stresses

Flow-past, reactive forces and
moments

Flexible rod in nonlinear
statement

Stresses, deflection, required
top tension at

longitudinal-transverse
bending and buckling

Dead weight, flow-past, top
end tension, reactive forces

and moments

Laminated cylindrical tube Displacements and stresses
Bending loads, torsion, tensile
loads, external pressure, and

internal pressure.

Multilayered cylindrical shell Stress, strain and
strength analysis

Effect of asymmetric loading
(flow-past,

concentrated loads)

Repaired cracks in
composite pipes

Fracture using stress intensity
factor (SIF) Load distribution

Quasilinear 3D anisotropic
elastic cylinder Refined calculation of stresses Synergetic effect of

different loads
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Table 4. Material attributes of composite risers compared to other materials.

Property Specific Gravity
Young’s

Modulus (GPa)
Poisson Ratio, v Density (kg/m3)

Composite Riser 1.68 (depends) 0.28 1680

Steel 7.8 200 0.30 7850

Titanium 4.43 113.8 0.342 4430

Aluminium 2.78 68.9 0.33 2780

PEEK 1.32 5.15 0.40 1300

P75/PEEK 1.77 33 0.30 1773

P75/Epoxy 1.78 31 0.29 1776

Sea Water 1.0 2.15 0.5 1030

AS4-PEEK 1.56 66 0.28 1561

AS4-Epoxy 1.53 49 0.32 1530

To evaluate the strength of marine risers, effective tension profiles are usually
used [11,24–27,98,137–142,149–153]. Details of similar effective tension profiles on ma-
rine hose risers are available in earlier studies [48–53]. In the comparative study by Kim
and Ochoa [98–104], the findings show that the composite riser had a tension factor of
1.3 with a top tension of 1418 KN, whereas a comparable steel riser requires 3822 KN.
Here, the cumulative weight of the submerged weight of the riser and the internal fluids
in the riser was used because the effective weight of any riser is very important [98]. An
earlier NIST study [99] recommended the replacement of steel joints with composite riser
joints; however, the findings of Dikdogmus [43], avow the challenge of replacing steel with
composite materials, as the riser design must focus on the variety of loadings and water
depths. Saleh [199] opined that composite risers are more expensive than steel risers, but
they also have the lowest life cycle cost as composite materials require less maintenance,
unlike steel materials. It is noteworthy to add that the composite riser pipe costs about
three times the cost of an equivalent steel riser pipe. However, the replacement of the
steel pipe with a composite pipe improves the life on site by a factor of more than 100
times. As regards the performance of the riser, it improved significantly due to the fatigue
characteristics of the composites and the absence of welds along the riser leg. Another
comparison conducted on CPR models by Brown [246] showed that there is high potential
for the utilisation of composite risers, as it shows good results from utilisation on flowlines
and TCP pipes, as shown in Figure 15. Studies on the use of titanium alloys in CPRs for
FPSO, TLP, and Truss SPAR found that titanium alloys have high mechanical attributes
suitable for Composite risers [211,212,295–306] but the configurations, fatigue, reliability,
large-scale experiments and cost should also be considered [156,157,161,247,303,306–317].
A bibliographical list of the comparative studies on composite risers is in Table 5.

Figure 15. Potential of marine composites in TCP flowlines and composite risers, showing (a) flowline
life cycle cost, and (b) NPV life cycle cost (Courtesy of 2H Offshore, Source: [247]).
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Table 5. Bibliographical list of comparative studies on steel risers and composite risers.

Authors Title Highlight

Gibson A.G. [306] Composites for Offshore Applications Compared steel, protruded FRP against steel
and wood

Hopkins P. et al. [196] Composite Pipe Set to Enable Riser Technology
in Deeper Water

Compared both steel and composite riser
performances and riser fatigue

Cheldi T. et al. [4] Use of spoolable reinforced TCP pipes for oil and
water transportation Spoolable reinforced TCP pipes, material design

Toh W. et al. [187]
A comprehensive study on composite risers:

Material solution, local end fitting design and
global response

End-fitting design for composite risers and
global design with VIV responses

Hopkins P. et al. [197] Composite riser study confirms weight, fatigue
benefits compared with steel

Compared the composite risers and steel riser
with material attributes

OGJ [211] Composite riser technology advances to
field applications

Compared the composite risers and steel riser
with material attributes

Pham D.C. et al. [160] A review on design, manufacture and mechanics
of composite risers Comparative assessment of the literature

Amaechi C.V. et al. [149] Composite Risers for Deep Waters Using a
Numerical Modelling Approach

Numerically compared composite riser models,
compared different liners

Ward E.G. et al. [101] A Comparative Risk Analysis of Composite and
Steel Production Risers

Comparison assessment, local design, global
riser analysis and risk analysis for both steel and

composite risers.

Pham D.C. et al. [159] Composite riser design and
development—a review Comparative assessment of the literature

Saleh P. [199] The benefits if composite materials in deepwater
riser applications

Benefits of composites in developing
composite risers

Brown T. [246] The impact of composites on future deepwater
riser configurations

Configurations for composite risers, with fatigue
of steel and composite risers

Lamacchia D. [217],
Lamacchia D. et al. [276],

Thermoplastic Composite Pipe (TCP) Offshore
Market 101

Compared MagmaGlobal and Airborne Oil&Gas
TCP pipes for composite risers

Saad et al. [55] Application of composites to deepwater top
tensioned riser systems

Economic aspects of composite risers on SPAR
and TLP

Mintzas A. et al. [134]
An integrated approach to the design of high

performance carbon fibre reinforced risers—from
micro to macro scale

Combined bend–burst, burst and
compressive tests

Amaechi et al. [153] Local and Global Design of Composite Risers on
Truss SPAR Platform in Deep waters

Comparative assessment of composite risers;
local and global design

Wang et al. [141]
Tailored design of top-tensioned composite risers

for deep-water applications using three
different approaches

Numerically compared composite riser models,
compared 3 different approaches

Gibson A.G. [80] The cost effective use of fiber reinforced
composites offshore

Compared the composite risers and steel riser
with material attributes

Andersen W.F. et al. [71] Full-Scale Testing of Prototype Composite
Drilling Riser Joints-Interim Report Full-scale testing on composite riser

Wang et al. [142]
Global design and analysis of deep sea FRP

composite risers under combined
environmental loads

Numerically compared composite riser models,
global and local design

Kim W.K. [98] Composite production riser assessment Compared steel and composite risers, local and
global design,

Gibson A.G. et al. [82] Non-metallic pipe systems for use in oil and gas. Application of composite pipes

3.2. Global Performance

The industry specification DNV-OS-F201 [270] stipulates that reasonable probabil-
ity must be considered for the marine riser during its design, manufacture, fabrication,
operation and maintenance so that it can stay ready until its usage. Taking into account
its service life and cost, it should remain suitable for the task for which it was designed.
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Furthermore, the riser should be able to withstand all predicted loads and related forces
that may be experienced over its service lifetime, as well as have suitable durability in
proportion to maintenance costs; thus, it should be built with the right degree of reliability.
An illustration of a global analysis model is shown in Figure 16, which illustrates the marine
risers and the catenary mooring lines. The global response, structure’s geometry, struc-
tural integrity, stiffness, trans-sectional properties, material attributes, sea-wave behaviour,
supporting methods and prices (or economic savings) are all important factors to consider
while developing the composite riser structure.

Figure 16. Schematic showing risers and mooring lines on a floating platform.

Hopkins et al. [197] comparatively studied the main criteria for designing composite
risers and steel marine risers, operating at a water depth of 2000 m on a conventional
single-leg hybrid riser (SLHR) with a steel riser leg. The authors concluded that composite
systems have been tested and can be used in offshore risers, as they are further developed
using newer riser applications and configurations. In the comparative assessment between
composite risers and steel risers by Brown [246], the effect of configuration was also opined
as a factor, as there is a shift in the tension from the hang-off when comparing different fluid
contents, as shown in Figure 17a. When the riser configuration was ballasted to change
the configuration, as depicted in Figure 17b, it added some flexibility and it decoupled the
vessel motion and changed the tension distribution, as shown in Figure 17c. This confirms
that an increment in the ballasted weight will reduce the bending and angle of the hang-off,
while it increases the hang-off loads, based on riser configurations. Roberts & Hatton [126]
presented a lightweight design that reduces both drag and weight loadings. This results in
a much-enhanced riser response, with all essential factors, such as the foundation loads,
buoyancy module size, installation loads, etc., being decreased drastically. This confirms
that when designing the model’s setup, the host vessel’s motion characteristics, specific
environmental data, numbers on the field layouts, layout array for the moorings, number
of risers required, deck loads on the platform, likelihood of interference, hang-off location,
access to a host vessel and the depth of the sea must all be considered, as well as the
fact that it is a composite riser. However, debonding would increase the load carried by
the matrix; hence, the fibre–matrix interface is critical in achieving a suitable composite
structure. Indeed, the debonding phenomenon allows the composite to bear a further strain
after the failure of the fibre since the matrix starts to carry the stress around the broken
fibres, but after that, the composite is considered to no longer be in working condition.
In addition, in comprehensive investigations on the composite material makeup and the
stack-up composition of the layers, it is very important to consider the configuration of the
composite structure (like TCP flowline or composite riser), as it might be aligned vertically
or in S-shape (such as steep-S, lazy-S, lazy wave, etc.), which may vary in wave form, with
respect to riser length, the sea bed type and the sea depth [23–25,301–310]. Application of
composites have also been extended to marine hoses as marine bonded composite hoses
(MBCH) [14,15,154,155,227]. In the global analysis by Amaechi et al. [48–53], the strength of
marine bonded hoses was assessed numerically using a coupled model in ANSYS AQWA
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and Orcaflex, with the hydrodynamic loads from the CALM buoy structure on the riser
model (submarine hoses), which was designed in a Chinese lantern configuration. However,
there is presently no publicly available literature covering such application on composite
risers. Current applications of global design are based on the loadings or deployment as
top-tensioned risers [140–142,152,153,156,157]. For fully developed composite risers, this
configuration may not be as effective as vertical configurations on a Truss SPAR [152,153],
and TLP [140–142,296]. Aside from these, there are other proposed configurations for the
hybrid flexible composite riser model and a composite riser using a buoyancy tank, similar
to the single-leg hybrid riser (SLHR).

Figure 17. Tension profiles (a) during hang-off for different fluids, (b) the hang-off configuration
when ballasted and (c) tension profile when ballasted (Courtesy of 2H Offshore, Source: [247]).

3.3. Vortex-Induced Vibration (VIV)

The importance of vibration control with different methods for offshore structures has
been presented in the literature [37]. The flexibility of modern polymer–matrix composites
allows for true integrated sections. The thickness, on the other hand, might be adjusted to
obtain the required fibre mix with commensurate fluctuation in the stresses. The stack-up
of the composite laminate and orientation is critical to the composite tubular’s strength, as
discussed in Section 2.5. Looking at the mechanical behaviour of composite risers, VIVs on
CPRs have been increasingly investigated experimentally with numerical analysis. In an
earlier investigation by Omar et al. [200], although the study did not consider a detailed
riser analysis, it compared composite TTRs and steel risers, considering dynamic response
characteristics in ABAQUS and taking into account the damage rate of each configuration,
top tension requirement, VIV amplitudes and VIV-induced local stress. In another study,
Wang et al. [143] presented a comparative assessment of the VIV of composite risers using
computational fluid dynamics (CFD) in both 2D and 3D models. The vorticity profiles
are shown in Figure 18. The natural frequencies and reduced velocities of nine cases were
investigated and further examined in [144–146], who presented mode shapes for the FRP
composite risers with distinctively different responses to those of steel risers. The study
concluded that at 2.13 m/s, the VIV responses of all three risers were almost 30 times those
at 0.36 m/s and 3 times those at 1.22 m/s. At 2.13 m/s, the VIV responses of global stresses
for all three risers were nearly ten times higher than at 0.36 m/s and three times higher
than at 1.22 m/s. “Lock-in” for the steel riser (riser 1) and optimised FRP composite riser
(riser 2) only occurred in the 100-year loop current condition at 2.13 m/s. The comparisons
reveal that composite risers have better dynamic response characteristics than steel risers.
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Figure 18. Profile of vorticity in 2D and 3D models for: Riser 1; Riser 2; and Riser 3. Here, (ia–ic)
presents the vorticities for Risers 1, 2 and 3 using 2D models; (iia–iic) illustrates the vorticities
for Risers 1, 2 and 3 with 3D models; and (iiia–iiic) presents vorticity profile in 3D models for (a)
Riser 1; (b) Riser 2; and (c) Riser 3. (Permission to reuse was obtained from MDPI and author 5-C.W.,
Source: [143]; Published: 27 April 2018; Copyright date: 2018).

Similarly, the earlier study [200] revealed that the maximum VIV stress of a composite
riser was substantially lower than that of a steel riser, demonstrating that composite risers
have longer fatigue lifetimes. Likewise, Kim [98], Sun et al. [255], Tan et al. [226] and
Toh et al. [187] used different techniques like finite element method (FEM) to conduct
thorough analyses on both local and global scales on composite and steel risers, finding
higher safety factors for composite risers. However, the composite riser models without
any VIV suppression exhibited mild fatigue damage. Hence, adding strakes and buoyancy
modules to a composite riser could improve VIV responses [203,226,293].
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3.4. Dynamic Behaviour

In this section, some studies on dynamic loading on risers are briefly examined. The
riser tensioner system for a buoyancy tank was studied by Kang, Z. et al. [311]. Dynamic
models were used to assess computing fatigue damage using the fatigue model and com-
pared to benchmarked criteria for maximum permitted stresses coupled with the RAO
data [23,162–166]. The dynamic behaviour of risers in seismic designs is different because
seismic conditions must be taken into account in the riser design in order to control seismic
responses because resonance occurs when the frequency falls within the range of earth-
quake wave frequencies, causing higher seismic stresses in the riser [312]. Since damping
is already included in the response model, the contribution of hydrodynamic damping
(which is proportional to the water velocity and compensates for the damping impact of
the surrounding water) in VIV within the lock-in region is set to zero (0). According to
Sanaati et al. [288], higher applied tensions that result in lower vibration amplitudes can
greatly improve the hydrodynamic lift force and are an effective instrument for the active
management of riser statics and dynamics. The hydrodynamic interaction is a system-
dependent issue in load effect assessments connected to riser interference evaluations (see
DNV-RP-F203 standard [313]). Some researchers performed reviews on the modelling and
analysis techniques for hydrodynamic assessment of flexible risers to represent the static
analysis, frequency domain dynamic analysis and time domain dynamic analysis for a
flexible riser, as well as the internal and external pressure effects and information on fluid
flows [206–209].

API-RP-2RD [314] examined several riser configurations based on the following crite-
ria: structural integration (integral vs. nonintegral risers), means of support (top-tensioned
with tensioners or hard mountings vs. concentrated or distributed buoyancy), structural
rigidity (metal vs. flexible risers) and continuity (sectionally jointed vs. continuous tube).
Conversely, static analysis was used to determine the riser’s configuration; it should be
noted that riser configuration design was carried out in accordance with production needs
and site-specific environmental circumstances [313–315].

3.5. Experimental Tests

Recent developments have involved JIPs such as Cost Effective Riser Thermoplastic
Composite Riser JIP in 2009 and Safe and Cost Effective operation of Flexible Pipes in
2011–2013 [80,306,316,317]. As presented in Table 1, different experiments on composite
risers have been conducted to achieve qualification and advances made. In principle, exper-
iments are required for both local and global design, as well as validation of results, because
they reveal the test techniques and materials utilised [317–326]. The highlight of related
experimental studies on composite risers, composite tubes, cylinders and shell structures
are indicated in Table 6. Since marine risers are tubular structures with varied segments,
the experimental tests on composite risers were conducted at microscale levels (on com-
posite materials) [257–259] and at macroscale levels (on composite risers with composite
tubes) [47,80,307,308], which are benchmarked against those of marine steel risers, such
as steel catenary risers [35,286]. It is also crucial to test the failure in risers, as research on
carbon-fibre-reinforced composite risers have revealed failure mechanisms [59–63] linked
to various loading scenarios [131,134,187,195]. Previous experimental studies on composite
risers were based on scale-dependent methods of analysis, as tabulated in Table 6. Presently,
the scale tends to shift more towards small-scale methods. The tests conducted include
failure tests, fatigue, collapse and burst pressures [148–152]. There are limitations to full-
scale testing, as can be seen in the size of composite risers as shown in Figure 19. The
first full-scale model examination was an external pressure test to determine the collapse
pressure capabilities of the riser main body construction. Andersen et al. [70–72] developed
a specially configured test fixture that used a circumferential compressive load rather than
just end loads on the specimen during the test since that was designed to meet the standards
for a 1500-pound riser’s main body structure.
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Table 6. Experimental tests on composite risers with the scale of the testing.

Reference Highlights and Test Modes Specimen Type Program/Test Scale

Sparks et al. [68]
Attributes of composite risers on

concrete TLP, collapse pressure test,
fatigue test

Composite riser Full-scale and
small-scale

Andersen et al. [71] Burst, and tension tests Composite drilling riser joint Full-scale

Gibson [81]

Flexure, tension, fire, durability,
blast, impact test, axisymmetric

burst, marine composite
application, fatigue test

Fibre-reinforced composite
pipes and coupons

Full-scale and
Small-scale

Picard D. et al. [95] Tensile test, manufacture of
TCP pipe Composite tube Large-scale

Ramirez and Engelhardt
[96,97] Collapse pressure test, buckling Composite tube Full-scale

Alexander et al. [105] Burst, bending cycles,
impact/drop tests Composite tube Full-scale

Cederberg et al. [109,110] Burst, collapse and impact tests Composite drilling riser Full-scale

Mintzas et al. [134] Tensile test, micro-scale test Carbon fibre repaired riser Small-scale

Chen et al. [186] Burst, and tension tests Composite riser end fitting Small-scale

Pham et al. [161] Bending under transverse loads Composite pipe and coupons Full-scale

Sobrinho et al. [224] Thermal and Mechanical tests

Ye et al. [257,258] Tensile test, SEM and CT tests Glass fibre composite/epoxy Small-scale

Ellyin et al. [262] Flexure test, tension test Composite pipes and coupons Small-scale

Grant and Bradley [280] Flexure test, tension test Composite pipes and coupons Small-scale

Huang et al. [307,308] Tensile and fatigue tests Carbon fibre composite pipe
and coupons Large-scale

Alexander and Ochoa [327] Burst, tension and 4-point
bend tests

Carbon fibre composite
repaired steel riser Full-scale

Rodriguez and Ochoa [328] 4-point flexural test, fatigue test Carbon and glass
fibres/epoxy Small-scale

Lindsey and Masudi [328,329] Cyclic test, tension in sea water
cases from 25 ◦C to 75 ◦C Graphite epoxy composite Small-scale

Soden et al. [330] Flexure test, tension test Composite pipes and coupons Small-scale

Another full-scale assessment was an RPSEA projected reported by Alexander et al. [105]
on the performance of a composite-reinforced steel drilling riser for HPHT operating
conditions using three prototype models with a bore diameter of 495.3 mm. It was subjected
to cyclic testing under a service temperature range from 180 ◦F to 32 ◦F, a 20-year service
life, top tension capacity of 13,333 KN, an internal pressure of 66,667 KN and operation
in a water depth of 3048 m. Salama et al. [89] presented an investigation with the test
certification for the first installation offshore on the composite drilling riser (CDR) joint,
which includes bending fatigue, burst, impact testing and one pressure cycle at 31,712 kPa
and two pressure cycles at 42,743 kPa. The Heidrun CDR joint seen in Figure 2, featured
titanium connectors and a titanium liner, which was the first application of a composite
offshore [88,89]. Titanium was chosen due of its low wear resistance. Secondly, the Heidrun
TLP required a lighter marine riser joint so the CDR joint was made of titanium and
3 mm internal hydrogenated nitrile rubber liner seal. The composite drilling joint was
visually inspected after the third drilling cycle, and no damage to the interior elastomer
liner was found. As a result of this, DNV began developing specifications and guidelines
for composite risers and composite fittings. Furthermore, given the lack of specifications
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and guidelines on composite risers and structural components, such as its end-fittings,
extensive research on composite risers is required. As such, it is necessary to consider the
pyramid principle for structural analysis and testing, as shown in Figure 20.

Figure 19. Composite riser pressure test samples (Courtesy of Lincoln Composites).

Figure 20. Pyramid principle for structural analysis and testing.

Based on load transfer mechanisms, composite structures are designed to transport
loads via the fibre directions; hence, slight changes in the transverse directions have
little impact on the load distribution in the structure, as depicted in Figure 13. This was
demonstrated in the experimental model [134,257]. Layup sequence of composites are
important aspect of the design. Ye et al. [257] carried out microscale and macroscale
design of the composite CPR structures, using cylindrical coupons with fibres aligned at
+45◦/−45◦ orientations. The study included characterisation of the composite materials
and tested them with Imetrum test equipment and SEM and CT digitisers [257].

It is noteworthy to state that both thermal and mechanical analyses are critical for
characterising polymeric systems, as demonstrated by Sobrinho et al. [224]. In that study,
composite risers were developed from composite tubes that were 1.8 m in length, had
an internal diameter of 0.1016 m and were 5.6 mm thick, with findings that the influence
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of matrix toughening on mechanical behaviour has a significant impact on composite
fracture processes. The composite tubes were filament-wound, with the reinforcement
fibres neatly tucked into the polymeric structures. They noticed that the tensile strength of
the hoop layers increased to 709.05 MPa from 572.20 MPa, having a jump of around 20%,
indicating that the addition of rubber to that polymeric matrix encouraged a simultaneous
increment in elongation under both fracture and stress conditions. In another study on
characterisation, Elhajjar et al. [322] created a profiled 3D model of the superficial resin
pockets using the hyperspectral spectroscopy–infrared technique. The large ply approach
was used to establish the random wrinkle distribution in the specimen, with the capacity to
quantify resin thickness from around 125 to 2500 μm. His findings reveal varied failure
modes when the specimen transitioned from a restricted fibre kink band configuration
to a random wrinkle distribution. In a recent study by Chen et al. [186], experiments on
scale-down prototypes with similar tensile-bending capacity to the tubular model were
carried out to evaluate composite riser joints, and it indicated progress in tensile-bending
capacity, similar to the findings by Toh et al. [187] and Meniconi et al. [78]. The implication
is that the traplock end-fitting and the central tubular segment are both equally strong.

3.6. Numerical Analysis

Numerical analysis on composite risers is critical for ensuring the validity and accu-
racy of the chosen discretisation by examining its properties [140–144,148–151,331]. There
have been a number of investigations on composite risers, including nonlinear failure
analysis, mechanics and fatigue due to compression, tension, bending, torsions and their
combined loading, internal fluid pressure and sea water hydrostatic pressure, as tabulated
in Table 7. Bai et al. [248] investigated the internal pressure effect of a TCP pipe that was
reinforced with a steel strip using ABAQUS and introduced a Mises yield failure criterion.
Corona and Rodrigues [233] investigated the performance of long, thin-walled cross-ply
composite tubes subjected to three phases of pure bending. Bifurcation buckling, material
failure and prebuckling reactions were investigated utilising three different material mod-
els: AS3501 graphite–epoxy, Kevlar 49–epoxy and E-glass–epoxy. They discovered that the
Brazier effect, which causes the cross-section of the tubes to ovalise, results in a nonlinear
moment–curvature connection. Brazier [325] observed that the longitudinal stresses and
compressions of thin cylindrical shells and other thin sections are orientated towards the
toroid’s median circumference. This causes flexural distortion by creating a proportional
pressure per unit area at all places of the cross-section. Jamal and Karyadi [213] used
Novozhilov’s nonlinear thin-shell theory to compute the collapse of cylindrical shells under
pure bending to investigate material failure. Tatting [228] used the semi-membrane constitu-
tive theory for buckling studies to explore the brazier effect on composite cylinders of finite
length under bending nonlinear analysis. He discovered that the tube length parameter
has the greatest impact on the load–displacement response and local buckling failure. In
another model, Guz et al. [218] solved the problem of the collapse pressure effect on thick-
walled composite tubes using the elastic constitutive theory for the interlaminate layers
for various loadings and stack-up designs. Elhajjar et al. [322] and Ye et al. [257] looked at
composite failure reactions and faults in composite structures since these flaws can cause
delamination, matrix debonding, fibre debonding, fibre kinking and matrix cracking. Li
et al. [332] investigated the deformation of thin-walled tubes under bending with a small
bending radius and a large diameter. To assist trials, Chen et al. [186] presented a numerical
analysis for a prototype composite riser joint. The interface between the metallic liner and
the composite laminate was modelled with ABAQUS using the traction–separation law to
approximate splitting separation on a cohesive surface. Chouchaoui and Ochoa [225] inves-
tigated the behaviour of a laminated cylindrical tube with adequate boundary conditions at
layer interfaces, i.e., without interfacial friction or sliding, though some presentations on the
scaled models were further presented in another study [226]. Rodriguez and Ochoa [328]
used both experimental and computational methods to investigate the effects of material
systems, lay-up stacking and geometry on the failure behaviour of spoolable composite
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tubes under bending. They discovered that the tubes’ nonlinear bending responses may
be dominated by the drop in shear stiffness. External hydrostatic pressure was consid-
ered in the collapse investigation of a plastic composite–steel pipe (PSP) with an inner
high-density polyethylene layer. A 2D ring model provided by Bai et al. [248,299] was also
used to account for wall thickness variation, transverse shear deformation and prebuckling
deformation in steel strip reinforced thermoplastic pipe. The numerical study of reinforced
composite pipes for RTP made up of an exterior thermoplastic cover (PEEK), an inner
thermoplastic liner (PEEK) and carbon-fibre-reinforced PEEK (AS4/PEEK) reinforcement
layers was undertaken by Ashraf et al. [9]. They also evaluated the lay-ups ([75/50], [75/25],
[50/75], [50/25], [50/25], [25/75], [25/50] and [25/50]). They discovered that pipes with
two angle-ply reinforcement layers have a stiffer reaction than pipes with only one angle-
ply reinforcement layer when the reinforcement layers are positioned at varied angles. In
the finite element analysis (FEA) conducted by Rodriguez and Ochoa [328], shell elements
were used in two-dimensional planes (2D-S8R) and an experimental four-point flexural
experiment loaded to failure to match the structural features of filament-wound composite
tubulars on huge spools to ABAQUS models. Since all of the composite tubes’ failure
modes were matrices in both tension and compression, and the shear stiffness showed
a nonlinearity in flexure, he determined that damage was restricted to the bottom part
and progressed slowly. Zhang et al. [66] looked at an analytical mechanical model of a
composite riser pipe in both the global and local assessments and found the correspond-
ing material characteristics. They concluded that the hoop layers generally bear internal
pressures, while the helical layers mostly bear bend loadings, according to the simplified
composite joint local analysis.

Table 7. Numerical analysis on composite risers, showing the test methods and mechanics studied.

Reference Numerical Methods Highlights

Bai et al. [248,299] Numerical model, von Mises failure criteria TCP Pipe, internal pressure ABAQUS

Andersen [8] Minimum potential energy approach; failure
criteria; progressive damage Analysis of transverse cracks in composites

Rodriguez and Ochoa
[328]

Numerical and experimental, spoolable tube
bending; material failure mode; 2D shell element Flexural response of spoolable composite tubular

Toh et al. [187] Tensile strength assessment, mode shape from
global response

Analysis of 2 composite riser end-fittings—taplock
and Magma

Chen et al. [186] Tensile strength, prototype design and analysis;
composite riser joints

Numerical and test analysis of composite riser
end-fitting; mechanical tests, tension and

combined tension-bending loading tests of
composite riser joints

Amaechi et al.
[149–151]

Novel numerical approach in ANSYS ACP to
model composite riser; netting theory; for 18 layers

of composite riser

Buckling, burst, collapse, tension; under 6 load
conditions, presented stress profiles for F.S of

different layers in 3 stress directions, presented
buckling modes

Jamal and Karyadi
[213]

Collapse test; under pure bending; LR-739
composite cylindrical tube

Material failure using Novozhilov’s nonlinear
thin-shell theory

Corona et al. [233] Nonlinear analysis using material failure criteria
and constitutive modelling

Bending response of long and thin-walled
cross-ply composite cylinders

Wang C. et al.
[137–142]

Design of composite risers for minimum weight;
Numerical method using ANSYS APDL to model

composite riser.

Local design and global design of composite riser;
design on min. weight, factor of safety results in 3
stress directions; Under combined loadings and

global responses

Elhajjar R. et al. [322] A hybrid numerical and imaging approach for
characterizing defects in composite structures

Structural and elastic failure responses of
composites; hybrid approach coupling with a

progressive FEA
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Table 7. Cont.

Reference Numerical Methods Highlights

Tatting, B. F. et al. [228] The Brazier effect for finite-length composite
cylinders under bending

Numerical nonlinear analysis using
semi-membrane constitutive theory for

the analyses.

Brazier L.G. [325] Analysed the flexural behaviour of thin cylindrical
shells and other thin sections

The flexural behaviour of thin cylindrical shells
and nonlinear bending analysis

3.7. Fatigue Behaviour

Reliability of composite risers has been a discussion in recent studies due to uncertainty
about the fatigue and other mechanical behaviours of the riser [156–158]. Fatigue is a type of
failure that occurs in constructions subjected to dynamic and changing forces [333]. Risers
are dynamic structures that respond to a wide range of loads and pressures. Dropped
objects, anchor strikes, anchor dragging, trawling and boat collisions can all cause fatigue
damage to risers during operation [23–25,334]. Fatigue has been a key design difficulty
for ultra-deep-water risers due to irregular waves produced by varying amplitudes in the
sea, as well as the influence of friction as the tubes slide against their conduits. Various
research has been carried out to investigate the fatigue behaviour of composite risers using
basic approaches that were originally developed for composite tubes and pipes made of
other materials based on durability in water [335–341]. A summary of these fatigue studies
are given in Table 8. Fatigue damage analysis using Miner’s rule summing produces a
permissible fatigue damage ratio of 0.1 for production and export risers and 0.3 for drilling
risers, with S-N curves being those most typically utilised [23,24]. Connaire et al. [334]
used the Newton–Raphson method and quasi-rotations to investigate the path-dependent
nature of rotations in three dimensions in subsea risers, as well as the sensitive load cases
of nonlinear loading regimes. In some other studies, composite riser repair systems were
investigated [6,7]. In the study by Chan [6], the flexural strength of composite-repaired
pipe risers was assessed with the laminate orientation of carbon–epoxy-fibre-reinforced
polymer. Since the simulation and testing results differed, they realised that the bonding
between the CFRP and the steel pipe surface needed to be examined.

Table 8. Fatigue tests on composite risers with the scale of the testing.

Reference Highlights and Test Modes Method Used Specimen Type Program/Test Scale

Thomas (2004) Fatigue test S-N approach Composite riser Full-scale

Huybrechts [302] Fatigue test, fatigue life
estimation S-N approach Composite tube Full-scale

Salama et al. [89–91] Fatigue test S-N approach Composite riser Full-scale

Chouchaoui and Ochoa
[225,226] Fatigue test S-N approach Composite coupons Small-scale

Sobrinho et al. [223] Application-based test S-N approach Composite coupons Small-scale

Mertiny et al. (2004) Fatigue test S-N approach Composite coupons Small-scale

Cederberg [109] Fatigue test, fatigue life
estimation Strain-life model

Composite riser and
steel-reinforced

drilling riser
Large-scale

Kim [98] Fatigue life estimation
Semi-log S-N

approach, Power law
S-N approach

Composite riser tube Large-scale

Echtermeyer et al. (2002) Fatigue life estimation S-N approach Composite tube Small-scale
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Table 8. Cont.

Reference Highlights and Test Modes Method Used Specimen Type Program/Test Scale

Liu K. et al. [291] Fatigue life estimation S-N approach Composite tube —

Yu K. et al. [148] Fatigue life estimation S-N approach Composite tube —

Sun S.X. et al. [163] Fatigue life estimation S-N approach Composite tube —

Two general fatigue techniques mentioned in the literature are cumulative fatigue
damage (CFD) and fatigue crack propagation (FCP). Riser fatigue is a DNV-recommended
practise. The design and evaluation of riser fatigue, as well as its global analysis and usage
of S-N curves, are all covered by DNV-RP-204:2010. Crack initiation is when a small crack
appears at a high-stress-concentration location; fracture propagation is when the crack
increases progressively with each stress cycle; and final failure is when the progressing
crack reaches a critical size and fails quickly [333]. Hybrid composites improve composite
functionality by allowing the designer to add selectivity, including stiffer, more-expensive
fibres where stresses are more critical and less-expensive fibres where stresses are less
critical [3,102,117,255]. As water depths have increased and service conditions have become
more demanding, manufacturers of nonbonded flexible pipes are attempting to build pipe
cross-sections incorporating carbon fibre parts to solve these concerns [342–350]. Carbon
fibre’s most notable application has been in the substitution of heavy and expensive steel
parts in nonbonded flexible riser pipes [5,22,119,215]. In an early design of a composite riser
design with an ID of 220 mm, the analysis of lamina stresses compared to lamina strengths
at each phase was progressive, as failure was discovered when the elastic constants of the
lamina involved were modified [78]. Another study of nonlinear dynamic analysis and
fatigue damage assessment using random loads on a deep-water test string found that
fatigue damage varied with water depth, and the von Mises stress was higher in the string
portions near the top of the test string and the flex joints [291]. Strength and the modulus
are two key structural properties in load-bearing applications. By definition, the modulus
of a material is a measure of its stiffness or resistance to elastic deformation, whereas the
strength is the maximum force it can withstand before breaking.

3.8. Comparative Case Study

An earlier comparative study is the Heidrun composite drilling riser joint shown in
Figures 2 and 19. One joint was tested for burst and two joints for bending fatigue as part
of the qualification programme conducted by DNV. In addition, a number of joints were
constructed to demonstrate the manufacturing process and to test impact resistance. All of
the test joints had a diameter of 56 cm. Figure 21 depicts a model diagram of the MCI end
fitting as well as one of the test specimens manufactured as an aspect of the qualification
programme. The full-length (15 m) composite riser joint was installed on Heidrun TLP in
July 2001, and pressure tested on well A-41. After that the joint was utilised to drill more
than ten wells while being installed at varying positions located along the riser string. As
shown in the results presented in Table 9, it can be observed that some findings were made
under different tests including fatigue.

In a comparative assessment between composite risers and steel risers by 2H Off-
shore [199], there were benefits obtained from the application of composites on deep-water
risers. The highlights of the fatigue investigation are given in Figure 22; comparing the steel
riser and the composite riser shows that there was an improvement in the use of composite
risers. Due to the highly rated fatigue performance of the composites and the elimination
of welds along the structure, the riser experienced significant improvement in its fatigue
performance. The steel stub positioned below the buoyancy tank suffered a 33.0% drop in
fatigue life due to the reduced buoyancy. In addition, regarding the upper section, it was
observed that the weld nearest to the upper-riser assembly (URA) interface was discovered
to be the steel riser’s fatigue hot point. On the other hand, the fatigue hot zone for the
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composite riser lies below the buoyancy tank steel stub, where the fatigue life was 200%
higher than the steel riser minimum fatigue life. Details on the results of the comparative
study are presented in Tables 10 and 11.

Figure 21. The Traplock end-fitting of the first composite riser joint showing the MCI sketch of the
composite drilling riser by NCAS/KOP on the Heidrun Platform. [Permission was obtained from
Elsevier Publishers, Source: [65,66,199]; Published: 12 July 2005; Copyright date: 2005].

Figure 22. Comparative study on composite riser and steel riser, showing (a) tension and (b) fatigue
life (Courtesy of 2H Offshore; Source: [199]).
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Table 9. Results of composite riser joints with 22” ID by ConocoPhillips/AkerKvaerner (Source: [65]).

Type of Test Prediction Result Measured Result Failure Location

Burst pressure test with
closed end loads 14,800 psi 15,850 psi Body failure

Impact with 5000 kg m
(36,170 ft-lb) dropped

casing
No structural damage No structural damage No failure

Cyclic bending stress
range of 850 kN m

(627,000 lb-ft), cycles
140,000 psi 160,000 psi -180,000 psi Circ weld in the

Titanium (Ti) liner

Table 10. Comparison of the main design aspects of composite riser and steel riser. (Source: [199]).

Particulars Steel Composite Observations

Max Hang-Off Load (te) 94 93 In an SLHR, the flexible jumper to the vessel acts as interface between
the vessel and the vertical riser leg, thus keeping the two isolated.

Therefore, negligible change in hang-off loads was seenMax Hang-Off Bending
Moment (kNm) 261 282

Max Stress Utilisation 0.63 — While stress is the driving criterion for steel, strain is the driving
criterion for composites

Max Safety Factor — 2.76 MBR is larger than minimum acceptable value

Max Tension Utilisation — 0.14 Tension is low in comparison to the allowable tension

Max Buoyancy Tank
Displacement (m) 247 211 Smaller drag area causes smaller buoyancy tank displacement

Max Buoyancy Tank
Tension (Te) 451 258 43% less tension required

Max Bending Moment at
Base of URA (kNm) 116 62

Approximately 50% lower bending moment from URA and LRA.
Max Bending Moment at

Top of LRA (kNm) 581 270

Table 11. Main results obtained for composite risers designed for 4000 m depth. (Source: [199]).

Particulars Values Observations

Pipe ID 8 in This is the maximum recommended, and is
driven by the collapse criteria

Pipe Max OD 11.9 in The wall thickness can vary, and thus a smaller
pipe OD can be used at shallower depths

Tension at Top 257 Te Similar level to composite at 2000 m water depth.
Note pipe size is different

MBR Safety Factor 2.84 Acceptable MBR

Max Tension Utilisation 0.17 Very low utilisation

Bending Moment At top of LRA 237.70 Similar to composite pipe at 2000 m

Bending Moment At base of URA 32.20 Similar to composite pipe at 2000 m

Maximum Flexible Joint Rotation 8.1 Degrees Slight increase in comparison to 2000 m

LRA—lower-riser assembly, URA—upper-riser assembly, ID—inner diameter, OD—outer diameter, MBR-
minimum bend radius.
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4. Conclusions

This review has comprehensively looked at the design, mechanics and development of
composite risers and their end-fittings for offshore marine applications. It has also shown
current practices in the design of CPRs both from experimental and numerical perspectives.
It is imperative that this review looked at different designs of CPRs to evaluate the new
and challenging aspects. This review has shown that composites are a viable option for
this application, as well as being technically feasible and showing certain improvements.
Although there may not be a compelling case for using composites only on the basis of cost,
newer configurations are advised. The end-fitting is a key factor in composite riser design,
which has been successfully achieved. Overall, it is concluded that the cost of adopting
a composite pipe in the existing SLHR system is comparable to that of steel. In addition,
the mechanical performance was enhanced. According to several studies, the low use of
composites in the offshore sector is due to the comparatively low technological maturity
of polymeric composites. The real kicker is the dearth of appropriate test data and well-
established design codes. Finally, unlike CPRs, continuous incremental advancements in
steel and titanium alloys, as well as nonbonded riser pipes, have kept up with mammalian
evolution. Due to their superior fatigue, high corrosion resistance, low specific weight, high
stiffness along the reinforcing fibre orientations and high-strength features, these innovative
composite materials could be beneficial for use in a variety of offshore structures. However,
there is a pressing need for fully adaptive standards to be developed that are uniquely
suited to risers. Currently, ABS, API, DNV and ISO standards have successfully published
some related recommended specifications for composite risers [167–171,269–272,313–315].
They were developed in response to concerns about composite riser design and the use
of composite materials, but they do not all agree, as they are based on the findings from
technical committee (TC) meetings and prior composite research. However, a unifying
standard for composite risers is expected in future.
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Abbreviations

2D two-dimensional
3D three-dimensional
6DoF six degrees of freedom
ABS American Bureau of Shipping
API American Petroleum Institute
ATP advanced technology program
BOEM Bureau of Ocean Energy Management
BOP blow-out preventer
CALM catenary anchor leg mooring
CDR composite drilling riser
CFD computational fluid dynamics
CFRP carbon-fibre-reinforced polymer
CPR composite production riser
CT computed tomography
D drilling riser
D&P drilling and production
DNV Det Norske Veritas
FAT factory acceptance test
FCP fatigue crack propagation
FEA finite element analysis
FEM finite element model
FOS floating offshore structure
FPSO floating production storage and offloading
FPS floating production storage
FRP fibre-reinforced polymer
HNBR hydrogenated nitrile butadiene rubber
HPHT high pressure
ID inner diameter
ISO International Organization for Standardization
JIP joint industry program
LRA lower-riser assembly
MBR minimum bend radius
MCI metal–composite interface
MWL mean water level
NASA National Aeronautics and Space Administration
NIST National Institute of Standards and Technology
OD outer diameter
OTC Offshore Technology Conference
P production riser
PCSemi paired-column semisubmersible
PA polyamide
PE polyethylene
PEEK polyether ether ketone
PP polypropylene
PSA Petroleum Safety Authority
PSP plastic composite–steel pipe
PVDF polyvinylidene difluoride
RAO response amplitude operator
RPSEA Research Partnership to Secure Energy for America
SCR steel catenary riser
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SEM scanning electron microscope
SLHR single-leg hybrid riser
SON Standards Organisation of Nigeria
SPAR single-point anchor reservoir
SURF subsea umbilicals, risers and flowlines
SURP subsea umbilicals, risers and pipelines
TC technical committee
TCP thermoplastic composite pipes
TLP tension leg platform
UK United Kingdom
USA United States of America
URA upper-riser assembly
UTL ultimate tensile load
VIV vortex-induced vibration
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Abstract: In the present work, para-aramid fabrics (p-AF) were physically modified via an anchoring
process of 0.05 wt% MWCNT to the aramid fiber surfaces by coating the MWCNT/phenolic/methanol
mixture on p-AF, and then by thermally curing phenolic resin of 0.01 wt%. Para-aramid fabric-
reinforced vinyl ester (p-AF/VE) composites were fabricated using p-AF/VE prepregs by compres-
sion molding. The effect of MWCNT anchoring on the thermo-dimensional, thermal deflection
resistant, dynamic mechanical, mechanical, and impact properties and the energy absorption behav-
ior of p-AF/VE composites was extensively investigated in terms of coefficient of linear thermal
expansion, heat deflection temperature, storage modulus, tan δ, tensile, flexural, and Izod impact
properties and a drop-weight impact response. The results well agreed with each other, supporting
the improved properties of p-AF/VE composites, which were attributed to the effect of MWCNT
anchoring performed on the aramid fiber surfaces.

Keywords: para-aramid fiber; carbon nanotube; anchoring; modification; vinyl ester; composite;
properties

1. Introduction

In the field of soft body armors, research challenges have included reducing weight,
improving flexibility, and enhancing impact resistance, simultaneously [1–3]. Para-aramid
(referred to as p-aramid hereinafter) fiber has been frequently used to protect human beings
from physical risks under dangerous military and civilian circumstances, because polymeric
chains consisting of the fiber form rigid crystals and are aligned with the fiber direction
during fiber spinning [3,4]. Substantially, the surface of p-aramid fiber contains many
hydrophilic functional groups, such as amide and hydroxyl groups, which can form a huge
number of hydrogen bonds between the polymer chains. Owing to the intrinsic structure
of p-aramid fiber, it can resist severe-impact environments without fiber breakages [5].

For this reason, woven fabrics made with p-aramid fibers have been used for protective
clothing. According to the energy-dissipating mechanism, the friction between the inter-
yarns in the woven fabric with a plain pattern plays a significant role in the ballistic impact
response in both direct and indirect manners [6–10]. A direct effect of the inter-yarn friction
is that the energy dissipation is increased when the yarns consisting of the fabric begin to
displace one another, exhibiting sliding, pulling-out, or re-orientation of the individual
fibers. An indirect effect of the inter-yarn friction is that it may influence external forces,
which can be transferred and redistributed to the neighboring yarns [11].

P-aramid fabric-reinforced composites have been considered as key materials in many
civilian and military applications due to their excellent specific strength, specific stiffness,
and lightness in comparison to conventional materials, such as metals and alloys. They

J. Compos. Sci. 2023, 7, 416. https://doi.org/10.3390/jcs7100416 https://www.mdpi.com/journal/jcs54



J. Compos. Sci. 2023, 7, 416

exhibit excellent impact resistance and elasticity because of the combination of the vis-
coelasticity of the polymer matrix and the impact toughness of p-aramid fabrics consisting
of the composites [12].

In general, soft armor made with p-aramid fabric requires weak fiber–matrix in-
terfacial adhesion because the friction between the fabric layers critically influences the
anti-bulletproofing performance. However, when p-aramid fiber-reinforced polymer com-
posites are used for ballistic protection in the plate form, as in hard armors, the strong
interfacial bonding between the fiber and the polymer matrix is important because the
composite may experience maximum deformation and can absorb the highest energy upon
impact. Therefore, in the case of hard armors, thermosetting polymer matrices have advan-
tages over thermoplastic polymer matrices with low stiffness and high deformation [4].

For the past years, many experimental and theoretical studies have been carried out to
understand the material’s response and the penetration failure mechanism as well as the
energy absorption upon ballistic impact [12–18]. Pandya et al. [17] and Sarasini et al. [18]
reported on the ballistic impact behavior of hybrid epoxy composites reinforced with
basalt and p-aramid fabrics for hard body armors. Each fabric was laminated with an
alternating sequence to investigate the effect of each fabric layer on the composite perfor-
mance in terms of impact energy absorption capability and enhanced damage tolerance.
Davidovitz et al. [19] studied the failure mode and fracture mechanism of Kevlar/epoxy
composites under flexural deformation. The failure mode was described in terms of tensile
failure and delamination. The tensile failure of the composite was explained by fiber split-
ting, fiber pull-out, delamination, fiber bending, tearing-off of the fiber skin, and shearing
of the individual filaments. Wang et al. [20] studied the crushing behaviors and mecha-
nisms of composite thin-walled structures under quasi-static compression and dynamic
impact conditions. They addressed that fiber-reinforced composite structures and materials
showed good potential for solving impact problems and energy absorption.

It has been well known that multi-walled carbon nanotubes (MWCNT), which exhibit
a high aspect ratio and a large specific volume, are a promising material to improve the me-
chanical, thermal, electrical, and tribological properties of polymer composites [20–22]. It
has been emphasized that a key factor to introduce MWCNT to the polymer matrix is good
dispersion. Therefore, many papers have been studied on surface modification of MWCNT
to enhance the dispersity and the interfacial bonding between the MWCNT and the poly-
mer matrix, frequently focusing on the chemical functionalization of MWCNT [23–29].
However, chemical functionalization or grafting often requires complicated procedures
and large quantities of chemicals.

One of the simplest experimental approaches to incorporate MWCNT into a fiber-
reinforced polymer composite material is anchoring [30,31]. Here, the word ‘anchoring’
refers to a process physically attaching MWCNT nanoparticles on the individual fiber
surfaces with the assistance of diluted thermosetting resin at low concentration such that
the anchoring process may influence the inter-yarn friction during the pulling-out test of
individual yarns. In the case of MWCNT anchoring at high resin concentrations, the fabric
drapeability might be lowered to some extent.

Consequently, the objectives of the present work are to physically attach MWCNT
to the p-aramid fiber surface by the anchoring process with the assistance of diluted
phenolic resin, to fabricate vinyl ester composites reinforced with MWCNT-anchored p-
aramid fabrics by a compression molding technique, and finally, to extensively investigate
the effect of MWCNT anchoring on the thermo-dimensional, dynamic mechanical, heat
deflection temperature, mechanical, and impact properties and the energy absorption
behavior of p-aramid fabric-reinforced vinyl ester composites.

2. Materials and Methods

2.1. Materials

P-aramid fabrics (HERACRON®, HT840, Kolon Industries Co., Ltd., Gumi, Republic
of Korea) with a plain weave pattern (referred to as p-AF hereinafter) were used as rein-
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forcement in this work. Each fiber yarn has 840 deniers in the warp and weft directions,
respectively. The fabric density is 26.7 counts per inch. The areal density is 200 g/cm2. The
commercial p-AF was used ‘as-received’ without further cleaning and surface treatment.
MWCNT (CVD-CM95, Hanhwa Chemical Co., Ltd., Seoul, Republic of Korea) were used
‘as-received’ without further purification and surface treatment. Resole-type phenolic
resin (KRD-HM2, Kolon Industries, Co., Ltd., Gimcheon, Republic of Korea) was used as
anchoring agent after being diluted with methanol. The phenolic resin contains the solid
contents of about 60%. Methanol (99.95% purity, Daejung Chemicals and Metals, Co., Ltd.,
Siheung-si, Republic of Korea) was used as diluent of phenolic resin.

2.2. Preparation of MWCNT/Phenolic/Methanol Mixture and MWCNT Anchoring Process

First, prior to preparation of MWCNT-anchored p-AF, MWCNT nanoparticles were
well dispersed in methanol. A mixture of MWCNT/phenolic/methanol was prepared by
sufficiently mixing with a magnetic stirrer. The MWCNT in the mixture were uniformly
dispersed with phenolic resin by ultrasonication. The ultrasonic process was carried out
with the frequency of 40 kHz at 50~60 ◦C for 1 h using an ultrasonic bath (Model Power
Sonic 420, 600 W, Hwashin Co., Ltd., Seoul, Republic of Korea). The concentrations of
MWCNT and phenolic resin present in the MWCNT/phenolic/methanol mixture were
0.05 wt% and 0.01 wt%, respectively. Phenolic resin of 0.01 wt% was used because it
was optimal to have the appropriate fabric drapeability and to cure it with the MWCNT
anchored to the fiber surface, as found earlier [29,30]. Accordingly, anchoring process of
MWCNT to p-AF was performed with 0.05 wt% MWCNT and 0.01 wt% phenolic resin.

In this work, anchoring of MWCNT to p-AF by using 0.01 wt% phenolic resin means
that MWCNT nanoparticles were physically attached on the surface of individual p-aramid
fibers by diluted phenolic resin. For MWCNT anchoring, p-AF was immersed in the
MWCNT/phenolic/methanol mixture. At this time, the individual fibers in the fabric
were surrounded by the MWCNT dispersed in diluted phenolic resin and the MWCNT
nanoparticles were physically attached on the fiber surface of p-AF by curing the diluted
phenolic resin at 80 ◦C for 10 min in a convection oven, as shown in Figure 1.

 

Figure 1. Topography (×5000) showing the pristine p-aramid fiber surface without MWCNT
(left) and the p-aramid fiber surface with MWCNT anchored by thermally curing dilute phenolic
resin (right).

2.3. Fabrication of MWCNT-Anchored P-Aramid Fabric/Vinyl Ester Composites

Bisphenol-A modified epoxy acrylate-type vinyl ester resin (Model RF-1001, CCP
Composites Korea Co., Ltd., Wanju-gun, Republic of Korea) (referred to as VE hereinafter)
was used as a matrix of composites. It contains 45~55 wt% styrene acting as both reactive
diluent and curing agent of VE. The resin density is 1.03~1.11 g/cm3 at 25 ◦C and the
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resin viscosity is 250~450 cP. In this work, p-AF-reinforced VE (referred to as p-AF/VE
hereinafter) composites were fabricated by a compression molding process.

Two types of peroxides with different molecular sizes were used together as the
initiator to cure VE. One was di(4-tert-butylcyclohexyl)peroxydicarbonate (DPDC) and the
other was tert-butyl-peroxybenzoate (TBPB). Figure 2 shows the chemical structures of
VE, DPDC, and TBPB. The effect of the dual initiators at various concentrations on the VE
curing behavior was extensively studied in our earlier report [32]. It was found that 1 pph
(parts per hundred) DPDC and 0.75 pph TBPB were optimal to cure VE in the presence of
MWCNT. Accordingly, DPDC of 1 pph and TBPB of 0.75 pph were used in the present work.

Figure 2. Chemical structures of (a) vinyl ester resin, (b) di(4-tert-butylcyclohexyl)peroxydicarbonate
(DPDC), and (c) tert-butyl-peroxybenzoate (TBPB).

Prior to composite fabrication, p-AF/VE prepregs were prepared. Each prepreg
contained excess VE because part of the VE impregnated in p-AF could be squeezed out
by the applied pressure upon compression molding. Each prepreg was partially cured at
70 ◦C for 10 min in a convection oven for B-staging. P-AF/VE prepregs with and without
MWCNT anchoring were also prepared for comparison. To prevent possible unintended
curing prior to uses, the prepregs were completely sealed and kept in a freezer.

The p-AF/VE prepregs of 14 plies were regularly stacked in a stainless-steel mold and
processed using a compression molding machine (GE-122S, Kukje Scien, Daejeon, Republic
of Korea). Figure 3 depicts the experimental procedure to prepare p-AF/VE prepregs and
to fabricate the composite via prepreg stacking and compression molding. The stacked
prepregs in the mold were heated up to 180 ◦C with the heating rate of 6 ◦C/min. A
pressure of 6.89 MPa was applied from 40 ◦C. When the mold temperature reached 70 ◦C,
the debulking step was conducted to degas the entrapped air between the prepregs and to
evaporate organic volatiles therein. The debulking step was repeated twice until the mold
temperature reached 110 ◦C. The final curing was performed at 180 ◦C for 10 min. The
applied pressure of 6.89 MPa was maintained until the end of compression molding.
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Figure 3. Preparation of p-AF/VE prepregs and fabrication of p-AF/VE composite by compres-
sion molding.

The molded composite was cooled down to ambient temperature, and then demolded.
Finally, p-AF/VE composites with the dimensions of 150 mm × 100 mm × 3 mm were
obtained. P-AF/VE composites with and without MWCNT anchoring were prepared
for comparison. The p-AF/VE composite with MWCNT anchoring was designated as
MWCNT-p-AF/VE composite. The p-AF/VE composite without MWCNT anchoring was
designated as pristine p-AF/VE composite.

2.4. Microscopic Observation

A field-emission scanning electron microscope (JSM-6500F, JEOL, Tokyo, Japan) was
used to observe the topography of MWCNT anchored on the fiber surfaces. Prior to SEM
observations, each sample was uniformly coated with platinum for 3 min by a sputtering
method. The acceleration voltage was 15 kV, and the secondary electron image (SEI) mode
was used.

2.5. Thermal Analysis

Thermomechanical analysis (TMA 2940, TA Instruments, New Castle, DE, USA) was
performed to investigate the effect of MWCNT anchoring on the thermo-dimensional
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stability of p-AF/VE composites. A load of 0.05 N was applied on the specimen using a
macro-expansion probe. The thermo-dimensional change was recorded from 30 to 250 ◦C
with the heating rate of 5 ◦C/min, purging nitrogen gas (50 mL/min).

The effect of MWCNT anchoring on the dynamic mechanical properties of p-AF/VE
composites was examined by dynamic mechanical analysis (DMA Q800, TA Instruments,
New Castle, DE, USA). The analysis was performed from 30 to 250 ◦C with the heating
rate of 3 ◦C/min in ambient atmosphere. The dual cantilever mode with a drive clamp
and a fixed clamp was used throughout DMA measurement. The oscillation amplitude
was 10 μm and the frequency was 1 Hz. The dimensions of composite specimen were
63.5 mm × 12.5 mm × 3 mm.

The heat deflection temperature (HDT) of p-AF/VE composites was measured with a
three-point bending mode according to the ASTM D648 standard by using a heat deflection
temperature tester (Model 603, Tinius Olsen, Horsham, PA, USA). The dimensions of
composite specimen were 127 mm × 12.5 mm × 3 mm. The measurement was performed
until the specimen was deflected by 0.254 mm under the bending load of 1.82 MPa. The
heating rate of 2 ◦C/min was used to heat the composite specimen immersed in a silicone
oil bath.

2.6. Mechanical Test

A universal testing machine (UTM, AG-50kNX, SHIMADZU, Kyoto, Japan) was used
to investigate the effect of MWCNT anchoring on the flexural and tensile properties of
p-AF/VE composites. Each specimen was cut to fit the mechanical test requirement by
using a low-speed diamond saw. The average values of the flexural and tensile properties
were obtained from 10 specimens of each composite.

A three-point flexural test was performed according to the ASTM D790 standard. The
dimensions of composite specimen were 127 mm × 12.5 mm × 3 mm. The span-to-depth
ratio was 32:1. The load cell of 50 kN and the crosshead speed of 5 mm/min were used.
A tensile test was performed according to the ASTM D3039 standard. The dimensions
of composite specimen were 140 mm × 12.5 mm × 3 mm. The gage length was 80 mm.
The load cell of 50 kN and the crosshead speed of 5 mm/min were used. The flexural and
tensile tests were repeated 10 times for each sample. The average values of the flexural
modulus, flexural strength, tensile modulus, and tensile strength were obtained from
10 repetitive tests of each composite, respectively.

2.7. Izod Impact Test and Weight-Drop Impact Test

The Izod impact test was carried out according to the ASTM D256 standard using
an impact test machine (IT 892, Tinius Olsen, Horsham, PA, USA). The dimensions of
composite specimen without notch were 63.5 mm × 12.5 mm × 3 mm. A pendulum energy
of 3.17 J was used. The average value of impact strength was obtained from 10 specimens
of each composite.

To inspect the effect of MWCNT anchoring on the energy absorption behavior of p-
AF/VE composites exposed to high-speed impact energy, drop-weight impact test (CEAST
9350, Instron, Norwood, MA, USA) was performed according to the ASTM D5628 standard.
The dimensions of composite specimen were 100 mm × 100 mm × 4 mm. The diameter
of the impactor was 20 mm. The height between the specimen and the impactor was
1000 mm. The initial drop-velocity of impactor was 4.41 m/s. The initial impact energy
given to each specimen was 205 J.

3. Results and Discussion

Figure 1 exhibits SEM topography of the pristine p-aramid fiber surface without
MWCNT and the p-aramid fiber surface with MWCNT anchored by curing dilute phenolic
resin. In comparison, at the same magnification, the pristine p-aramid fiber surface without
MWCNT was clear with smoothness. On the other hand, the MWCNT nanoparticles were
distributed on the fiber surface, increasing the surface roughness. The anchored MWCNT
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may play a bridging role in connecting between the fiber and the matrix of p-AF/VE
composite. It was thought that such a MWCNT anchoring effect may contribute to the
resistance of the composite to the applied external force and energy.

In our previous study [29], yarn pull-out tests were performed at high speed
(800 mm/min) with p-AF containing MWCNT anchored by phenolic resin at various
concentrations. Consequently, the highest pull-out force was obtained when 0.05 wt%
MWCNT and 0.01 wt% phenolic resin in the MWCNT/phenolic/methanol mixture pre-
pared for anchoring were used, indicating the synergetic effect of MWCNT anchored on
the fiber surface by thermally cured phenolic resin. It was found that the friction between
the individual fibers consisting of p-AF influenced the increase in the force required for
pulling out the single yarn. The result gave us some indications that MWCNT anchoring to
the p-aramid fiber surface would play a positive role in improving the thermal, mechanical,
and impact properties of p-AF/VE composites.

3.1. Thermal Expansion Behavior

Figure 4 displays the thermo-dimensional changes of pristine p-AF/VE and MWCNT-
p-AF/VE composites measured by means of TMA. Based on the thermo-dimensional
changes in each composite, the coefficients of linear thermal expansion (CLTE) were de-
termined from the slope of each TMA curve in the two temperature ranges of 40~100 ◦C
and 150~250 ◦C, respectively. The temperature ranges were adapted before and after the
temperature showing the drastic dimensional changes between 110~140 ◦C.

 

Figure 4. Thermo-dimensional changes as a function of temperature measured with (a) pristine
p-AF/VE and (b) MWCNT-p-AF/VE composites.

In the case of pristine p-AF/VE composite, thermal expansion was obviously found in
the temperature range of 110~140 ◦C. It may be attributed to the glass transition behavior of
the VE matrix of p-AF/VE composites. Beyond this temperature range, the CLTE value was
highly increased from 57.2 μm/m·◦C (between 40 and 100 ◦C) to 134.0 μm/m·◦C (between
150 and 250 ◦C), as listed in Table 1. As similarly found in pristine p-AF/VE composite,
the thermal expansion of MWCNT-p-AF/VE composite was apparently observed between
125~135 ◦C. It was also ascribed to the glass transition behavior of the VE matrix. The
thermal expansion of MWCNT-p-AF/VE composite was smaller than that of pristine p-
AF/VE composite, showing the CLTE of 38.2 μm/m·◦C (between 40 and 100 ◦C) and
109.4 μm/m·◦C (between 150 and 250 ◦C). This may be explained considering that the
MWCNT anchored to the fiber surface of p-AF contributed to increasing the mechanical
interlocking and the interfacial adhesion between the VE matrix and the p-AF due to the
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increased surface roughness, and consequently contributed to restricting, to some extent,
the thermal expansion of the composite.

Table 1. Coefficients of linear thermal expansion (CLTE) of p-AF/VE composites determined from
two temperature ranges.

Composite Type
CLTE (μm/m·◦C)

40~100 ◦C 150~250 ◦C

Pristine p-AF/VE 57.2 134.0

MWCNT-p-AF/VE 38.2 109.4

3.2. Dynamic Mechanical Properties

Figure 5 displays the variations of the storage modulus and tan δ of pristine p-AF/VE
and MWCNT-p-AF/VE composites as a function of temperature measured by means of
DMA. The storage modulus of both pristine p-AF/VE and MWCNT-p-AF/VE composites
was distinguishably decreased in the glass transition region between 100~160 ◦C. In this
region, the molecular mobility of the VE matrix was increased because of the weakened
molecular interaction with temperature. This resulted in the lowering of the storage
modulus. The storage modulus of MWCNT-p-AF/VE composite (curve b) was higher
than that of pristine p-AF/VE composite (curve a) in the whole temperature range. The
storage modulus of MWCNT-p-AF/VE composite was increased by 11% from 8642 to
9596 MPa at 30 ◦C. This was attributed to the reinforcing effect of p-AF/VE composite with
the increased interfacial adhesion between the p-AF and the VE matrix with the assistance
of MWCNT anchoring.

 
Figure 5. Variations of the (A) storage modulus and (B) tan δ measured with (a) pristine p-AF/VE
and (b) MWCNT-p-AF/VE composites.

The height of tan δ, which is related to the damping property of a material, was
decreased as well. It indicates that MWCNT anchoring to the p-aramid fiber surface
played a role in dispersing the external load during DMA measurement. The tan δ peak
temperature, which is relevant to the glass transition temperature, was slightly shifted to a
high temperature by the anchoring effect.

As a result, it may be said that MWCNT anchoring to p-AF contributed to improving
the dynamic mechanical properties as well as the thermo-dimensional stability of p-AF/VE
composites, forming the mechanical interlocking at the interface between the p-AF and the
VE matrix due to the roughened fiber surface.
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3.3. Heat Deflection Temperature

Heat deflection temperature (HDT) can often be measured by applying a three-point
flexural load to the specimen until 0.254 mm deflection occurs in the specimen. Accordingly,
the HDT of a polymer composite can be affected by its mechanical resistance, strongly
depending on the reinforcement. The MWCNT-p-AF/VE composite was further reinforced
by MWCNT anchoring. As described above, it was thought that MWCNT anchoring
increased the internal friction between the individual yarns consisting of p-AF during the
measurement. In addition, the phenolic resin coated and cured on the fiber surface for
anchoring somewhat contributed to increasing the stiffness of p-AF.

As listed in Table 2, the HDT of MWCNT-p-AF/VE composite was about 14 ◦C higher
than that of the pristine p-AF/VE counterpart due to the increased mechanical interlocking
between the p-AF and the VE matrix by MWCNT anchoring. This indicates that the loads
applied to MWCNT-p-AF/VE composite during measurement were effectively distributed
to p-AF through the MWCNT bridges connecting between the individual fibers in the
matrix. Therefore, it may be described that MWCNT anchoring played a positive role in
resisting the deflection of the p-AF/VE composite by heat.

Table 2. A summary of heat deflection temperature, tensile, flexural, and impact properties of pristine
p-AF/VE and MWCNT-p-AF/VE composites.

Properties
P-AF/VE Composites

Pristine P-AF/VE MMWCNT-p-AF/VE

Heat Deflection Temperature (◦C) 241.8 ± 0.3 255.4 ± 0.3

Tensile Strength (MPa) 266 ± 9 342 ± 10

Tensile Modulus (GPa) 7.5 ± 0.4 10.0 ± 0.5

Flexural Strength (MPa) 112 ± 2 130 ± 4

Flexural Modulus (GPa) 15.1 ± 0.5 16.2 ± 0.6

Izod Impact Strength (J/m) 977 ± 9 1039 ± 8

3.4. Mechanical Properties

The stress–strain curves were measured with pristine p-AF/VE and MWCNT-p-
AF/VE composites, respectively, as shown in Figure 6. The initial slope and the highest
stress obtained with the MWCNT-p-AF/VE composite were higher than those with the
pristine p-AF/VE composite. Substantially, the applied load caused the frictional force
between the fiber and the matrix of a fiber-reinforced polymer composite material until
the specimen was broken during the tensile test. As seen in Figure 1, the fiber surface of
MWCNT-p-AF became roughened with the increased surface area by MWCNT anchoring.
Accordingly, it was convinced that the anchored MWCNT nanoparticles existing on the
fiber surface may contribute to increasing the frictional force between the fiber and the
matrix of the resulting composite.

As a result, the tensile strength and modulus required for deforming the MWCNT-p-
AF/VE composite were higher than those required for deforming the pristine p-AF/VE
composite until the specimen was broken. The tensile strength was increased by about 29%,
and the tensile modulus was increased by about 33% due to the MWCNT anchoring effect,
as shown in Table 2. It turns out that the tensile loads applied to the MWCNT-p-AF/VE
composite were well transferred from fiber to fiber owing to the increased interfacial
bonding between the p-aramid fiber and the VE matrix by MWCNT anchoring.

The area under the stress–strain curve is fundamentally related to the equilibrium
toughness absorbing the energy given to a material. It was obvious that the area under
the curve obtained with the MWCNT-p-AF/VE composite was greater than that with the
p-AF/VE composite. Based on that, it was expected that the dynamic impact toughness of
the MWCNT-p-AF/VE composite would be higher than that of the p-AF/VE composite.
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Figure 6. Representative stress–strain curves measured with (a) pristine p-AF/VE and (b) MWCNT-
p-AF/VE composites.

Table 2 compares the flexural strength and modulus of p-AF/VE and MWCNT-p-
AF/VE composites. The flexural strength and modulus of the MWCNT-p-AF/VE compos-
ite was about 16% and 7% higher than that of the pristine p-AF/VE composite, respectively.
Upon flexural deformation, a fiber-reinforced composite material is basically affected by
both compressive and tensile stresses at the mid-plane of the specimen. The three-point
flexural load normally causes compressive stress through the thickness direction of the
specimen, which can be mainly governed by the interfacial bonding between the fiber and
the matrix of the composite. Meanwhile, the tensile stress can be generated along with the
longitudinal direction of the specimen, being influenced by the frictional force between the
fiber and the matrix.

As described above, the anchored MWCNT played a role in increasing the frictional
force at the interface between the p-AF and the VE matrix, making the composite stronger
and stiffer. In our earlier report [29,30], single-yarn pull-out forces at high speed obtained
with p-AF only depended not only on the presence and absence of MWCNT anchored to
the fiber surface, but also on the concentration of MWCNT and diluted phenolic resin used
for anchoring.

It may be insisted that the MWCNT anchoring to the p-aramid fiber surface performed
in this work contributed to increasing the fiber surface roughness, the mechanical interlock-
ing between the fiber and the matrix, and the friction at the fiber–matrix interface without
fiber damages. As a result, the tensile and flexural properties of p-AF/VE composites were
improved as well.

3.5. Izod Impact Strength

Table 2 also compares the Izod impact strength of the p-AF/VE and MWCNT-p-AF/VE
composites. The impact strength of the pristine p-AF/VE composite was increased by about
6% from 977 to 1039 J/m due to the MWCNT anchoring effect. The result indicates that
the applied dynamic impact energy can be efficiently absorbed by the MWCNT-p-AF/VE
composite, compared to the pristine p-AF/VE composite. It has been found that the impact
resistance increases with increasing interfacial bonding between MWCNT and polymer
of a polymer composite containing MWCNT [23]. As described above, in the case of the
MWCNT-p-AF/VE composite, MWCNT nanoparticles were physically attached to the p-
aramid fiber surfaces by thermally curing them with diluted phenolic resin. They increased
the interfacial bonding between the aramid fiber and the VE matrix of the composite.
Accordingly, the presence of anchored MWCNT was responsible for the increase in the
Izod impact strength of the MWCNT-p-AF/VE composite.
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3.6. Energy Absorption Behavior by Drop-Weight Impact

Figure 7 displays the results monitored for the variation of the velocity of the impactor
as a function of time when the pristine p-AF/VE and MWCNT-p-AF/VE composites were
exposed to the drop-weight impact environment, respectively. The initial impactor velocity
was 4.41 m/s. The time to reach zero velocity in each composite is relevant to the energy
absorption behavior. As shown, the velocity of the impactor was gradually decreased with
increasing time, indicating that it was changed from positive to negative after reaching
zero velocity. It turns out that the movement of the impactor was changed to the opposite
direction relative to the initial direction of the impactor. The time required for reaching
zero velocity in the MWCNT-p-AF/VE composite was shorter than that in the pristine
p-AF/VE composite.

Figure 7. Variation of the velocity of impactor as a function of time occurred during drop-weight
impact test: (a) pristine p-AF/VE and (b) MWCNT-p-AF/VE composites.

This can be explained considering that the anchoring of MWCNT to p-AF contributed
to releasing the drop-weight impact energy. In addition, the negative velocity value
measured with the MWCNT-p-AF/VE composite was lower than that with the pristine
p-AF/VE composite, indicating that the drop-weight impactor can be more rebounding
or elastically behaving with the MWCNT-p-AF/VE composite than with the pristine p-
AF/VE composite. This indicates that the impact resistance of the p-AF/VE composite was
increased by the MWCNT anchoring effect, concordantly with the Izod impact strength
results and the stress–strain behavior mentioned above.

Figure 8 exhibits the variation of the impact energy absorption as a function of time
measured with pristine p-AF/VE and MWCNT-p-AF/VE composites, respectively. The en-
ergy absorbed by the pristine p-AF/VE composite corresponded to the initial energy of the
impactor given at 9.3 ms, whereas the energy absorbed by the MWCNT-p-AF/VE compos-
ite reached the initial impactor energy after an elapse of 7.7 ms upon drop-weight impact.
The result indicates that MWCNT anchoring enhanced the energy absorption capability of
the composite, rebounding the impactor in the case of the MWCNT-p-AF/VE composite.

Figure 9 shows the variation of the transferred force as a function of time occurring in
the pristine p-AF/VE and MWCNT-p-AF/VE composites during the drop-weight impact
test, respectively. The time to reach the peak of the transferred force in the MWCNT-p-
AF/VE composite was shorter than that in the pristine p-AF/VE composite. The transferred
force (17.0 kN) at the peak of the MWCNT-p-AF/VE composite was about 24% higher than
that (13.7 kN) of the pristine p-AF/VE composite. The end time of the force transferred
in the MWCNT-p-AF/VE composite was about 2 milli-seconds shorter than that in the
pristine p-AF/VE composite, similarly to the impactor velocity and the energy absorption.
This revealed that the MWCNT anchoring was good to enhance the energy absorption
capability and to toughen the p-AF/VE composite, giving rise to the increase in the fiber
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surface roughness and the interfacial adhesion between the aramid fiber and the VE matrix
of the composite.

Figure 8. Variation of energy absorption as a function of time occurring during drop-weight impact
test: (a) pristine p-AF/VE and (b) MWCNT-p-AF/VE composites.

Figure 9. Variation of the transferred force as a function of time occurring during drop-weight impact
test; (a) pristine p-AF/VE and (b) MWCNT-p-AF/VE composites.

4. Conclusions

The thermo-dimensional, dynamic mechanical, tensile, flexural, and impact properties
of the p-AF/VE composite were significantly increased with the assistance of the MWCNT
anchoring process, which can physically attach MWCN nanoparticles on the fiber surface
by applying the MWCNT/phenolic/methanol mixture to p-AF, and then by thermally
curing phenolic resin of very low concentration.

In particular, the drop-weight impact test results revealed that the variations in the
velocity of the impactor, the energy absorption, and the transferred force as a function
of time monitored for the pristine p-AF/VE and MWCNT-p-AF/VE composites during
the impact test agreed with each other. The MWCNT-p-AF/VE composite exhibited a
toughness higher than the pristine p-AF/VE composite. The result was consistent with
the equilibrium toughness based on the stress–strain behavior and the dynamic toughness
based on the Izod impact strength. The improvement on the thermal, mechanical, and
impact properties of the MWCNT-p-AF/VE composite can be explained considering that
the MWCNT anchoring contributed to increasing the interfacial adhesion between the
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p-aramid fiber and the VE matrix, being attributed to the mechanical interlocking by the
roughened surface at the fiber–matrix interface.

The present work addresses that the anchoring of MWCNT to p-AF may be desirable to
provide an additional benefit to conventional p-AF/polymer composites, further increasing
their thermal, mechanical, and impact properties.

Author Contributions: Conceptualization, D.C.; writing—original draft preparation, D.C.;
writing—review and editing, D.C.; supervision, D.C.; Funding acquisition, D.C.; formal analy-
sis, J.C.; methodology, J.C.; investigation, J.C.; data curation, J.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the Kumoh National Institute of Technology (2022).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Laha, A.; Majumdar, A. Shear thickening fluids using silica-halloysite nanotubes to improve the impact resistance of p-aramid
fabrics. Appl. Clay Sci. 2016, 132, 468–474. [CrossRef]

2. Carrillo, J.G.; Gamboa, R.A.; Jonhnson, E.A.F.; Chi, P.I.G. Ballistic performance of thermoplastic composite laminates made from
aramid woven fabric and polypropylene matrix. Polym. Test. 2012, 31, 512–519. [CrossRef]

3. Majumdar, A.; Butola, B.S.; Srivastava, A. An analysis of deformation and energy absorption modes of shear thickening fluid
treated Kevlar fabrics as soft body armour materials. Mater. Des. 2013, 51, 148–153. [CrossRef]

4. Bhatnagar, A. Lightweight Ballistic Composites: Military and Law-Enforcement Applications, 2nd ed.; Woodhead Publishing: Cam-
bridge, UK, 2016; pp. 224–229.

5. Reis, P.N.B.; Ferreira, J.A.M.; Santos, P.; Richardson, M.O.W.; Santos, J.B. Impact response of Kevlar composites with filled epoxy
matrix. Compos. Struct. 2012, 94, 3520–3528. [CrossRef]

6. Nilakantan, G.; Gillespie, J.W. Yarn pull-out behavior of plain woven Kevlar fabrics: Effect of yarn sizing, pullout rate, and fabric
pre-tension. Compos. Struct. 2013, 101, 215–224. [CrossRef]

7. Briscoe, B.J.; Motamedi, F. The ballistic impact characteristics of aramid fabrics: The influence of interface friction. Wear 1992, 158,
229–247. [CrossRef]

8. Bazhenov, S. Dissipation of energy by bulletproof aramid fabric. J. Mater. Sci. 1997, 32, 4167–4173. [CrossRef]
9. Duan, Y.; Keefe, M.; Bogetti, T.A.; Cheeseman, B.A. Modeling friction effects on the ballistic impact behavior of a single-ply

high-strength fabric. Int. J. Impact Eng. 2005, 31, 996–1012. [CrossRef]
10. Rao, M.P.; Duan, Y.; Keefe, M.; Powers, B.M.; Bogetti, T.A. Modeling the effects of yarn material properties and friction on the

ballistic impact of a plain-weave fabric. Compos. Struct. 2009, 89, 556–566. [CrossRef]
11. Das, S.; Jagan, S.; Shaw, A.; Pal, A. Determination of inter-yarn friction and its effect on ballistic response of para-aramid woven

fabric under low velocity impact. Compos. Struct. 2015, 120, 129–140. [CrossRef]
12. Mayo, J.B.; Wetzel, E.D.; Hosur, M.V.; Jeelani, S. Stab and puncture characterization of thermoplastic-impregnated aramid fabrics.

Int. J. Impact Eng. 2009, 36, 1095–1105. [CrossRef]
13. Lim, C.T.; Tan, V.B.C.; Cheong, C.H. Perforation of high-strength double-ply fabric system by varying shaped projectiles. Int. J.

Impact Eng. 2002, 27, 577–591. [CrossRef]
14. Shim, V.P.W.; Tan, V.B.C.; Tay, T.E. Modelling deformation and damage characteristics of woven fabric under small projectile

impact. Int. J. Impact Eng. 1995, 16, 585–605. [CrossRef]
15. Kirkwood, K.M.; Kirkwood, J.E.; Lee, Y.S.; Egres, R.G.; Wagner, N.J. Yarn pull-out as a mechanism for dissipating ballistic impact

energy in Kevlar®KM-2 fabric: Part I: Quasi-static characterization of yarn pull-out. Text. Res. J. 2004, 74, 920–928. [CrossRef]
16. Kirkwood, J.E.; Kirkwood, K.M.; Lee, Y.S.; Egres, R.G.; Wagner, N.J.; Wetzel, E.D. Yarn pull-out as a mechanism for dissipating

ballistic impact energy in Kevlar®KM-2 fabric: Part II: Predicting ballistic performance. Text. Res. J. 2004, 74, 939–948. [CrossRef]
17. Pandya, K.S.; Pothnis, J.R.; Ravikumar, G.; Naik, N.K. Ballistic impact behavior of hybrid composites. Mater. Des. 2013, 44,

128–135. [CrossRef]
18. Sarasini, F.; Tirillo, J.; Valente, M.; Ferrante, L.; Cioffi, S.; Iannace, S.; Sorrentino, L. Hybrid composites based on aramid and basalt

woven fabrics: Impact damage modes and residual flexural properties. Mater. Des. 2013, 49, 290–302. [CrossRef]
19. Davidovitz, M.; Mittleman, A.; Roman, I.; Marom, G. Failure modes and fracture mechanisms in flexure of Kevlar-epoxy

composites. J. Mater. Sci. 1984, 19, 377–384. [CrossRef]

66



J. Compos. Sci. 2023, 7, 416

20. Wang, J.; Liu, Y.; Wang, K.; Yao, S.; Peng, Y.; Rao, Y.; Ahzi, S. Progressive collapse behaviors and mechanisms of 3D printed
thin-walled composite structures under multi-conditional loading. Thin-Walled Struct. 2022, 171, 108810. [CrossRef]

21. Wang, B.; Fu, Q.; Liu, Y.; Yin, T.; Fu, Y. The synergy effect in tribological performance of paper-based composites by MWCNT and
GNPs. Tribol. Int. 2018, 123, 200–208. [CrossRef]

22. Joshi, S.C.; Dikshit, V. Enhancing interlaminar fracture characteristics of woven CFRP prepreg composites through CNT dispersion.
J. Compos. Mater. 2012, 46, 665–675. [CrossRef]

23. An, Q.; Rider, A.N.; Thostenson, E.T. Electrophoretic deposition of carbon nanotubes onto carbon-fiber fabric for production of
carbon/epoxy composites with improved mechanical properties. Carbon 2012, 50, 4130–4143. [CrossRef]

24. Soliman, E.M.; Sheyka, M.P.; Taha, M.R. Low-velocity impact of thin woven carbon fabric composites incorporating multi-walled
carbon nanotubes. Int. J. Impact Eng. 2012, 47, 39–47. [CrossRef]

25. Meybodi, M.H.; Samandari, S.S.; Sadighi, M. An experimental study on low-velocity impact response of nanocomposite beams
reinforced with nanoclay. Compos. Sci. Technol. 2016, 133, 70–78. [CrossRef]

26. Iqbal, K.; Khan, S.U.; Munir, A.; Kim, J.K. Impact damage resistance of CFRP with nanoclay-filled epoxy matrix. Compos. Sci.
Technol. 2009, 69, 1949–1957. [CrossRef]

27. Davis, D.C.; Wilkerson, J.W.; Zhu, J.; Hadjiev, V.G. A strategy for improving mechanical properties of a fiber reinforced epoxy
composite using functionalized carbon nanotubes. Compos. Sci. Technol. 2011, 71, 1089–1097. [CrossRef]

28. Chi, P.I.G.; Uicab, O.R.; Barrera, C.M.; Calderon, J.U.; Escamilla, G.C.; Pedram, M.Y.; Pat, A.M.; Aviles, F. Influence of aramid fiber
treatment and carbon nanotubes on the interfacial strength of polypropylene hierarchical composites. Compos. Part B 2017, 122,
16–22.

29. Uicab, O.R.; Aviles, F.; Chi, P.I.G.; Escamilla, G.C.; Aranda, S.D.; Pedram, M.Y.; Toro, P.; Gamboa, F.; Mazo, M.A.; Nistal, A.; et al.
Deposition of carbon nanotubes onto aramid fibers using as-received and chemically modified fibers. Appl. Surf. Sci. 2016, 385,
379–390. [CrossRef]

30. Cheon, J.; Yoon, B.I.; Cho, D. The synergetic effect of phenolic anchoring and multi-walled carbon nanotubes on the yarn pull-out
force of para-aramid fabrics at high speed. Carbon Lett. 2018, 26, 107–111.

31. Cheon, J.; Cho, D. Enhancement of yarn pull-out force of para-aramid fabric at high speed by dispersion and phenolic anchoring
of MWCNT on the fiber surfaces in the presence of surfactant and ultrasonic process. Macromol. Res. 2020, 28, 881–884. [CrossRef]

32. Cheon, J.; Cho, D. Effects of peroxide-based initiators with different molecular sizes on cure behavior and kinetics of vinyl ester
resin containing multi-walled carbon nanotubes. J. Therm. Anal. Calorim. 2022, 147, 11883–11898. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

67



Citation: Chen, H.; Wang, K.; Chen,

Y.; Le, H. Mechanical and Thermal

Properties of Multilayer-Coated

3D-Printed Carbon Fiber Reinforced

Nylon Composites. J. Compos. Sci.

2023, 7, 297. https://doi.org/

10.3390/jcs7070297

Academic Editor: Jiadeng Zhu

Received: 29 June 2023

Revised: 11 July 2023

Accepted: 18 July 2023

Published: 20 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Mechanical and Thermal Properties of Multilayer-Coated
3D-Printed Carbon Fiber Reinforced Nylon Composites

Hongwei Chen, Kaibao Wang, Yao Chen and Huirong Le *

The Future Lab, Tsinghua University, Beijing 100084, China; dananwei@mail.tsinghua.edu.cn (H.C.);
kaibaowang@mail.tsinghua.edu.cn (K.W.); yaochen@mail.tsinghua.edu.cn (Y.C.)
* Correspondence: lehr@mail.tsinghua.edu.cn

Abstract: This paper evaluates the mechanical and thermal properties of 3D-printed short carbon
fiber reinforced composites (sCFRPs). A numerical analysis was developed to predict the mechanical
and thermal properties of the sCFRPs, which were verified via experimental tests. In the experiments,
a novel technique was adopted by coating the sCFRPs with carbon fiber fabric and copper mesh
to further improve its mechanical and thermal performance. Various copper meshes (60-mesh,
100-mesh and 150-mesh) were integrated with carbon fiber fabric to form a multilayer structure,
which was then coated on the surface of Nylon 12-CF composite material (base material) to form a
composite plate. The effects of the copper mesh on the mechanical and thermal properties of the
composite plate were studied theoretically and experimentally. The results show that the addition of
different copper meshes had a significant influence on the mechanical and thermal properties of the
composite plate, which contained carbon fiber fabric, copper mesh and the base material. Among
them, the mechanical and thermal properties of the composite plate with the 60-mesh copper mesh
were significantly improved, while the improvement effect slowly declined with the increase in the
thickness of the base material. The composite plate with 100-mesh and 150-mesh copper meshes had
improved mechanical properties, whereas the influence on its thermal conductivity was limited. For
thermal conductivity calculation, both the thickness and length directions of the heat transfer were
considered. The comparative analysis indicated that the calculated values and experimental results
are in excellent agreement, meaning that this numerical model is a useful tool for guiding the design
of surface lamination for 3D-printed sCFRPs.

Keywords: carbon fiber reinforced nylon composite; 3D printing; multilayer coating; copper mesh;
numerical model

1. Introduction

Carbon fiber reinforced composites (CFRPs) have the advantages of light weight, high
strength, fatigue resistance, corrosion resistance and excellent designability, and are widely
used in aerospace, wind power, sports and leisure, the automotive industry and bridge
construction [1–7]. With 3D printing technology, the advantages of material properties
and the process characteristics of the rapid forming of complex structures can be brought
into play simultaneously. This combined application breaks the limitations of traditional
winding, laying, lamination and other manufacturing methods on the design of composite
materials [8–15]. The 3D printing of short carbon fiber reinforced nylon composites (sCFRPs)
has been adopted extensively, and their application in service robots can help lighten the weight
of the robots in terms of the aspects of material and structure optimization [16–19]. However,
moderate mechanical performance and poor thermal conductivity limit its application in
key links with bearing capacity and heat conduction requirements [20]. Therefore, further
optimization of the mechanical and thermal performance of the 3D-printed sCFRPs is
mandatory to enrich its application in various fields.
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Much research has been conducted in the selection of printed raw materials and
interface modification, such as the modification of carbon fiber surfaces [21–23], the met-
allization treatment in the process of composite material molding [24] and the selection
of continuous carbon fiber as the reinforcement phase and polyether ether ketone and
other high-thermal-performance thermoplastic resins as the matrix [25]. Since composite
materials exhibit different characteristics compared with metal materials, the traditional
metal surface treatment process may not be suitable for composite materials [26]. Therefore,
in order to improve the electrical and thermal conductivity of composite components,
surface metallization treatment is adopted [27]. A very thin and dense metal coating is
formed on the surface of a composite matrix via chemical plating, magnetron sputtering,
arc ion plating and vacuum evaporation, and this coating plays a conductive and protective
role. Nevertheless, further investigation is needed for complex structural components.
Therefore, in the existing commercial use of 3D-printed short carbon fiber composites, it is
still necessary to explore a surface-strengthening treatment method that is straightforward
and suitable for complex parts.

Carbon fiber fabric is an excellent reinforcing material which has been widely used
in the bridge, construction, hydropower and other industries [28–30]. By applying fiber
fabric on the surface of the component for reinforcement, the mechanical properties of the
component can be improved without increasing the weight and cross-section size of the
structural component [31]. In addition, copper mesh has been used as an antistatic surface
layer for CFRPs due to its excellent electrical and thermal conductivity and ductility [32–34].
This paper combines carbon fiber fabric and copper mesh to form a multilayer coating
on the surface of a 3D-printed carbon fiber reinforced nylon composite component, and
investigates the effects on the mechanical and thermal properties of the component.

2. Materials and Methods

2.1. Materials

The Nylon 12-CF composite filament was purchased from Stratasys with a short
carbon fiber content of 35%. Carbon fiber fabric (T300-3K) was a twill fabric purchased
from Toray Corporation of Japan (Tokyo, Japan). Copper meshes (60-mesh, 100-mesh and
150-mesh) were purchased from Churui Hardware Products Ltd. (Hengshui, China). The
base adhesive (Yini special covering adhesive for carbon fiber) and surface adhesive (Yini epoxy
resin adhesive) were purchased from Yini Composite Materials Ltd. (Dongguan, China). The
vacuum bag used was PE/PA copolymer purchased from Tang Zheng Machinery Co., Ltd.
(Suzhou, China).

2.2. Sample Preparation
2.2.1. Preparation of the Base Material

Stratasys’ Fortus 380 mc Carbon Fiber FDM 3D printer was used to print the base
material, with dimensions of 120 × 20 × 2.1 mm, 120 × 20 × 3.15 mm, 120 × 20 × 4.15 mm,
10 × 10 × 1 mm and 10 × 10 × 2 mm. An example of the specimens is shown in Figure 1.
The 3D printing process parameters of the specimens are shown in Table 1.

 
Figure 1. An example of the specimens.
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Table 1. The 3D printing process parameters.

Process
Parameter

Paving
Direction (◦)

Nozzle
Diameter (mm)

Height
(mm)

Fill Line
Width (mm)

Fill Overlap
(mm)

Nozzle
Temperature (◦C)

Print Speed
(mm/s)

Filling
Rate (%)

Value ±45 0.5 0.254 0.43 0.01 355 - 100

2.2.2. Coating Sample Preparation

The copper meshes, carbon fiber fabric and plastic film were first trimmed to a specified
dimension (slightly larger than the base material). The surface of the base material was then
polished with 180-mesh sandpaper and cleaned with alcohol. The two-part epoxy resin
base adhesive was prepared according to the mass ratio of 1:1, and after slowly stirring
evenly, the adhesive was evenly applied on the surface of the specimen with a nylon brush.
The adhesive surface density was roughly 0.1 g/cm2. Then, the copper mesh and carbon
fiber fabric were laid in turn, the whole sample was wrapped with polyethylene (PE) plastic
film, and the sample was stored in vacuum bag at room temperature (not less than 25 ◦C).
Once the base adhesive was completely cured, the specimen surface was then polished with
1500-mesh sandpaper, and cleaned with alcohol. The two-part epoxy resin surface adhesive
was prepared according to the mass ratio of 1:2, and after stirring evenly, the adhesive
was applied on the surface with a nylon brush, and the thickness of the adhesive layer
was controlled at about 0.02–0.03 mm via the control of the adhesive amount applied. The
sample was then transferred into an oven kept at 60 ◦C for 1 h, or at room temperature (not
less than 25 ◦C) for 12 h. The adhesive was applied 3~4 times until the desired thickness
was reached. The composite plates were cured and polished before the test. Both sides of
the base material were coated for the bending test, while only one side of the base material
was coated for the thermal conductivity test. The schematic diagram for the preparation of
coated sCFRPs and the process illustration are shown in Figures 2 and 3, respectively.

Four kinds of coated sCFRPs were prepared by using the base material with thick-
nesses of 2.1 mm, 3.15 mm and 4.15 mm: the surface only coated with carbon fiber fabric;
the surface coated with 60-mesh copper mesh and carbon fiber fabric (#60); the surface
coated with 100-mesh copper mesh and carbon fiber fabric (#100); and the surface coated
with 150-mesh copper mesh and carbon fiber fabric (#150).

Figure 2. Schematic diagram for the preparation of coated sCFRPs.

70



J. Compos. Sci. 2023, 7, 297

Figure 3. Preparation of coated sCFRPs: (a) copper mesh laid flat, (b) carbon fiber fabric laid flat,
(c) wrapped in plastic film, (d) stored in a vacuum bag at room temperature, and (e) final specimen.

2.3. Sample Characterization

The sides of the #60, #100 and #150 composite plates were polished and cleaned
with alcohol before being placed under a microscope (BX53M, Olympus, Toyko, Japan) to
observe the microstructure of the sides of the coated sCFRPs.

Three-point bending properties of the base material (without coating) and four kinds
of coated sCFRPs were tested using a mechanical testing machine (50ST, Tinius Olsen,
Shanghai, China) according to the GB/T1449-2005 standard. The test span was 35 mm,
and the loading speed was set at 1 mm/min. The bending modulus E was calculated
using Equation (1).

E =
L3 × ΔP

4bh3 × ΔS
(1)

where E is the flexural elastic modulus, Pa; ΔP is the load increment in the initial straight
section of the deflection curve, N; ΔS is the deflection increment at the midpoint of span
corresponding to load increment ΔP, m; L is the span between two supports, m; and b and
h are the width and thickness of the sample, respectively, m.

The thermal conductivity of the base material and four kinds of coated sCFRPs were
tested using a laser thermal conductivity meter (LFA467, Netzsch, Selb; Germany). The test
temperature was 70 ◦C, and the thermal conductivity was calculated using Equation (2).

λ = Cp × D × ρ (2)

where λ is the thermal conductivity, W/(m·K); CP is the specific heat capacity, J/(kg·K);
D is the thermal diffusion coefficient, mm2/s; and ρ is the material density, kg/m3.

3. Results and Discussion

3.1. Microstructure Analysis

Figure 4 shows the microstructure of the coated sCFRPs with various copper meshes.
As can be seen from Figure 4, the overall thickness is increased by about 0.5 mm, and the
carbon fiber fabric forms a dense composite material with the base adhesive and the surface
adhesive, which is recorded as the carbon fiber layer with a thickness of about 0.3 mm. The
copper mesh and the base material form a dense composite material, which is referred to
as the copper mesh layer with a thickness of about 0.2 mm.

At the interface between the carbon fiber layer and the copper mesh layer, it can
be found that the carbon fiber fabric and copper mesh are interwoven together to form
a composite skin containing carbon fiber fabric and copper mesh as the reinforcement
phase and epoxy resin as the matrix. At the reinforcing phase, the volume fraction of the
continuous copper wire in the copper mesh can affect the mechanical properties of the
composite. The pore size of the copper mesh directly affects the structure of this composite
material, which is because the pores of the slightly larger copper mesh can make more
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carbon fiber fabric interwoven in the larger copper mesh surface and pores, forming a
composite material with a complex reinforced phase structure. On the interface between
the copper mesh layer and the base material, the copper mesh layer and the base material
are directly adhered together through the base adhesive.

   
(a) (b) (c) 

Figure 4. The microstructures of the coated sCFRPs: (a) #60 composite plate, (b) #100 composite plate,
(c) #150 composite plate.

3.2. Bending Properties

In the bending process of the sample, the force–displacement curves are nonlinear, as
shown in Figure 5. The coating film plays a major role in bearing the load, and the use of
different copper meshes affects the bending performance of the sample. When the force
is loaded to a certain extent, the curve first exhibits a slight fluctuation, which is a slight
fold fracture of the carbon fiber layer on the extruded surface. With the increase in force,
the carbon fiber layer and copper mesh layer on the stretched surface also gradually fold
and fracture. When the maximum bending force is reached, the amplitude of the curve
decreases rapidly, resulting in the obvious fracture of the carbon fiber layer and the copper
mesh layer on the stretched surface, and at the same time, the debonding of the coating
layer in the stressed area appears.

Figure 5. The force–displacement curves of the specimens.

The maximum failure force of the specimen can be obtained through the bending
test. The width and thickness of the sample measured before the test are substituted into
Equation (1) to obtain the elastic modulus, and the calculated mean value of the three
tests of each group of samples is taken. The mean value of the elastic modulus is shown
in Figure 6. The results show that the bending property of carbon fiber fabric is greatly
improved when the base material is coated with carbon fiber fabric. Moreover, with the
addition of copper mesh, its bending property is further increased. When the thickness of
the base material is 2.1 mm, the mean bending moduli of the #60, #100 and #150 composite
plates are 16.31 GPa, 14.19 GPa and 14.06 GPa, respectively. The bending modulus of the
#60 composite plate is the largest, as it is 240% and 79% higher than those of the base
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material and the sample coated with carbon fiber fabric only, respectively. Generally, the
experiment results exhibit good repeatability, except for the #150 composite plate; its error
is slightly larger. This may be because the pores of the 150-mesh copper mesh are very
small, which is not conducive to the penetration of the base adhesive; the composite of
the copper mesh layer and the carbon fiber layer is incomplete; the area of the copper
mesh layer adhering to the base material is much smaller; and more of the base adhesive
is retained on the surface of the base material, resulting in the thickness of the sample
becoming much larger, and these factors cause instability in the performance of the sample.
When the thickness of the base material is increased, the bending modulus of the coated
sCFRPs decreases slightly.

Figure 6. The comparison of bending moduli of the prepared specimens.

3.3. Thermal Conductivity

Figure 7 shows the influence of the addition of different copper meshes on the thermal
conductivity of the coated sCFRPs in terms of thickness direction and length direction. The
results indicate that only the thermal conductivity of the #60 composite plate is slightly
improved. This may be because the pores of the copper mesh in #60 are slightly larger,
which can make more carbon fiber fabric interweave with the copper mesh, forming a large
area of a continuous heat transfer interface, resulting in higher thermal conductivity.

Figure 7. Thermal conductivities of base material and coated sCFRPs.
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The thermal conductivity of the specimens in the thickness direction was also exam-
ined. The thickness of the base material was 1 mm, and the thermal conductivity of the
#60 composite plate was increased by 5.5% compared with that of the base material. To
test the thermal conductivity in the direction of length, the thickness of the base mate-
rial is 9.42 mm, and the thermal conductivity of the #60 composite plate is increased by
7.4% compared with that of the base material.

4. Numerical Model

In order to predict the influence of copper mesh on the mechanical properties and
thermal conductivity of composite plates with different thicknesses of base material, the
appropriate thicknesses of the base material and copper mesh can be selected for multilayer
surface coating to improve the mechanical properties and thermal conductivity of composite
plates. For simplicity, several assumptions were made in this model. It was assumed that
the interface between the copper mesh layer and the base material does not separate, and
the heat loss in the interface is negligible. The composite plate can be simplified into a
sandwich structure formed by the base material, the copper mesh layer and the carbon
fiber layer; in addition, the interface between the layers is a plane.

4.1. Calculation of Bending Properties

By using Equations (3)–(5), the relationship between the bending modulus of the
coated sCFRP and the thickness of the base material can be calculated, as shown in Figure 8

I =
bt3

12
(3)

EI = E1 I1 + E2 I2 + E3 I3 (4)

E =
E1t3

1 + E2[(t1 + 2t2)
3 − t1]

3
+ E3[(t1 + 2t2 + 2t3)

3 − (t1 + 2t2)
3]

t1 + 2t2 + 2t3
(5)

where I, I1, I2, I3 are the moments of inertia of the composite plate, base material, copper
mesh layer and carbon fiber layer, respectively, m4; E, E1, E2, E3 are the bending moduli of
the composite plate, base material, copper mesh layer and carbon fiber layer, respectively,
Pa; t, t1, t2, t3 are the thicknesses of the composite plate, base material, copper mesh layer
and carbon fiber layer, respectively, m; L is the distance between the two supports, m; and
b is the width of the composite plate, m.

Figure 8. Three-point bending diagram of the composite plate.

The experimental values of the specimens with three thicknesses of base material were
substituted into Equation (5) to calculate E1 and E2, and their average values were taken
into Equation (5) to depict the relationship, as shown in Figure 9 and Table A1.
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Figure 9. Bending modulus comparison between the calculated and experimental results.

The bending modulus comparison between the calculated and experimental results.
The bending modulus tends to decrease with the increase in the thickness of the base
material. When the thickness of the base material is 2.1 mm, the #60 composite plate shows
the highest modulus. As the thickness of the base material increases, the changes in the
bending properties of the coated sCFRPs are negligible.

It is worth mentioning that the largest discrepancy between the calculated data of the
#60, #100 and #150 composite plates and the test values is within 10%. When the thickness
of the base material is small, the error between the simulated data and the test values is
less than 10%, and the data are in good agreement. This can be used as a reference guide
for actual production. However, when the thickness of the base material increases, the
numerical model overestimates the bending modulus, and this is because the phenomenon
of uneven film coating stripping occurs during bending, thus reducing the effect of the
coating on the bending performance of the composite plate.

4.2. Calculation of Thermal Conductivity

In this calculation, it is assumed that each layer maintains a continuous form of aggrega-
tion to form a continuous block, and the heat flow is conducted in series or parallel mode [35].

4.2.1. Thickness Direction (Series Mode)

According to the series heat transfer, the heat flow through each layer is assumed
to be constant, and the temperature difference between the top and bottom ends of the
composite plate is equal to the sum of the temperature differences of each layer, as shown
in Figure 10. Equation (8) can be derived using Equations (6) and (7). The relationship
between the thermal conductivity of the composite plate along the thickness direction and
the thickness of the matrix is calculated as shown in Figure 11 and Table A2.

•
H = λ

ΔT
t

= λ1
ΔT1

t1
= λ2

ΔT2

t2
= λ3

ΔT3

t3
(6)

ΔT = ΔT1 + ΔT2 + ΔT3 (7)

λ =

t1
λ1

+ t2
λ2

+ t3
λ3

t1 + t2 + t3
(8)

where
•
H is the load-rated heat flow, W; ΔT, ΔT1, ΔT2, ΔT3 are the temperature differences

between the beginning and end of the composite plate, base material, copper mesh layer
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and carbon fiber layer in the thickness direction, respectively, ◦C; λ, λ1, λ2, λ3 are the thermal
conductivities of the composite plate, base material, copper mesh layer and carbon fiber layer
in the thickness direction, respectively, W/(m·K); and t, t1, t2, t3 are the thicknesses of the
composite plate, base material, copper mesh layer and carbon fiber layer, respectively, m.

Figure 10. Schematic diagram of heat conduction in series mode.

Figure 11. Thermal conductivity comparison between the calculated and experimental results in
series mode.

Only the thermal conductivity of the #60 composite plate is slightly improved, and the
improvement effect is negligible as the thickness of the base material increases. It is worth
mentioning that the calculated values and experimental results are in excellent agreement,
meaning that this numerical model is a useful tool for guiding the structure design of
coated sCFRPs.

4.2.2. Length Direction (Parallel Mode)

According to the parallel heat transfer, theoretically, the total heat flow is equal to the
sum of the heat flows of each layer, and the temperature difference between the beginning
and the end of each layer is the same, as shown in Figure 12. Equation (11) can be derived
by using Equations (9) and (10). The relationship between the thermal conductivity of the
composite plate and the thickness of the base material at 70 ◦C is calculated as shown in
Figure 13 and Table A2.

•
H = λt

ΔT
L

= λ1t1
ΔT1

L
+ λ2t2

ΔT2

L
+ λ3t3

ΔT3

L
(9)

ΔT = ΔT1 = ΔT2 = ΔT3 (10)
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λ =
λ1t1 + λ2t2 + λ3t3

t1 + t2 + t3
(11)

where
•
H is the load-rated heat flow, W; L is the length of the composite plate; ΔT, ΔT1, ΔT2, ΔT3

are the temperature differences between the left and right ends of the composite plate, base
material, copper mesh layer and carbon fiber layer in the length direction, respectively, m;
λ, λ1, λ2, λ3 are the thermal conductivities of the composite plate, base material, copper
mesh layer and carbon fiber layer in the length direction, respectively, W/(m·K); and
t, t1, t2, t3 are the thicknesses of the composite plate, base material, copper mesh layer and
carbon fiber layer, respectively, m.

Figure 12. Schematic diagram of heat conduction in parallel mode.

Figure 13. Thermal conductivity comparison between the calculated and experimental results in
parallel mode.

Only the thermal conductivity of the #60 composite plate is significantly improved,
and this improvement slowly decreases as the thickness of the base material increases.
When the thickness of the base material is 1–10 mm, the thermal conductivity of the #60
composite plate can be increased by 5–38% compared with that of the base material. It
is worth mentioning that the calculated values and experimental results are in excellent
agreement, meaning that this numerical model is a useful tool for guiding the design of
coated sCFRPs.

5. Conclusions

The mechanical and thermal properties of a coated carbon fiber reinforced composite
were investigated using experimental measurement and numerical analysis. The effects
of various copper meshes and thicknesses of the base material on the performance were
discussed. The results show that the addition of different copper meshes had a significant
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influence on the mechanical and thermal properties of the composite plate, which contained
carbon fiber fabric, copper mesh and the base material. This is because of the differences
in the diameter and porosity of the copper mesh; the coated sCFRPs is mixed to different
degrees at the interface. It is the existence of this composite material that directly affects
the mechanical and thermal properties of the composite plate. The adhesive layer of
the base adhesive on the base material directly affects the mechanical properties of the
composite plate.

Among the plates, the mechanical and thermal properties of the composite plate with a
60-mesh copper mesh were significantly improved, while the improvement slowly declined
with the increase in the thickness of the base material. The composite plate with 100-mesh
and 150-mesh copper meshes had improved mechanical properties, whereas the influence
on thermal conductivity was limited. For a thermal conductivity calculation, both the
thickness and length directions of the heat transfer were considered. The comparative
analysis indicated that the calculated values and experimental results are in excellent
agreement, meaning that this numerical model is a useful tool for guiding the structure
design of coated sCFRPs.
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Appendix A

Table A1. Apparent bending modulus (GPa) of the samples.

Thickness of the base material (mm) Base Material Carbon Fiber Fabric #60 #100 #150

2.1 4.85 ± 0.29 9.11 ± 0.61 16.31 ± 0.29 14.19 ± 0.79 14.06 ± 2.45

3.15 4.80 ± 0.35 8.45 ± 0.45 11.51 ± 0.54 12.6 ± 0.06 11.97 ± 3.87

4.15 4.78 ± 0.23 9.37 ± 0.48 9.37 ± 0.95 9.68 ± 0.91 9.76 ± 0.92

Table A2. Thermal conductivities of the sample.

Apparent Thermal Conductivity (W/m·K) Base Material #60 #100 #150

Thickness direction 0.365 ± 0.03 0.385 ± 0.07 0.338 ± 0.06 0.314 ± 0.09

Length direction 0.539 ± 0.04 0.579 ± 0.05 0.198 ± 0.04 0.541 ± 0.06
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Abstract: This paper experimentally studied the influence of the notch shape and size on the damage
evolution and failure strength (tension and torsion) of carbon fiber-reinforced epoxy matrix (CFRP)
laminates. Hashin’s damage criteria were utilized to monitor the evolution of multi-damage modes,
and FEM simulations were also performed by using the ABAQUS code to clarify the specific damage
modes in detail as an instructive complement. The failure characteristics of all the notched samples
were analyzed and compared with those without notches. The measured results presented that
the existence of a variety of notches significantly impaired the load carrying capacity of CFRP
laminates. The tensile strengths of C-notch and U-notch increase with an increasing notch radius,
while the ultimate torques of C-notch and V-notch decrease with an increasing notch size and angle.
The variation in notched properties was explained by different notch shapes and sizes, and the
failure characteristics were also presented and compared among notched CFRP laminates with
varied notches.

Keywords: carbon fiber-reinforced polymers (CFRPs); notch effect; finite element method (FEM);
damage propagation; mechanical behaviors

1. Introduction

CFRP laminates have been widely applied in the aerospace, aviation and automobile
industries due to their high specific stiffness, high specific strength and high design free-
dom. These composite laminate structures usually include discontinuities such as cut-outs
for access and fastener holes for joining and inevitably become vulnerable regions under
thermo-mechanical loading [1–3]. Understanding their notched behaviors is necessary
for designing these complex structures, in which various parts are mostly connected with
bolts and rivets [4]. The effect of these discontinuities on the mechanical performances is
an important issue because it causes a relatively large reduction in strength compared to
the unnotched laminates. Koricho et al. [5] proposed an innovative solution of using the
‘tailored placement’ of fibers around the holes/notch to make fabric laminates without the
need for the drilling and machining of holes, thereby eliminating the sources of delamina-
tion. After drilling a hole, the tensile strength sharply decreased from 1012 MPa to 385 MPa,
while the strength by adopting the developed processing could maintain 86% of the intact
specimens.

A great number of experiments have been performed in studying the failure strength
of notched CFRP laminates containing various shapes and sizes of notches under tensile,
compressive and multi-axial loadings. Belgacem et al. [6] tested the center-notched CFRP
laminates with radii of 2 mm, 6 mm and 10 mm and found that the ultimate strength
is reduced by the order of 23%, 26% and 45% compared with those without notches.
Torabi et al. [7] investigated the load-carrying capacity of glass/epoxy laminates with
central U-shaped notches of various tip radii by using the virtual isotropic material concept
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without the need for ply-by-ply failure analysis. Xu et al. [8] studied the size effect in center-
notched CFRP laminates under compression and found that the compressive strength of
the small center-notched specimen is similar to that of the open-hole specimens. As the
in-plane sizes increase, the center notches are weaker than the open holes. Serra et al. [9]
carried out numerical and experimental studies on the size effect in notched CFRP laminates
using the discrete ply modeling method [10] and showed that their strength reduces with
an increasing specimen size. Lee et al. [11] considered the notch size, ply and laminate
thickness to be the most important variables of scaling effects on the strength and found
that the strength reduction is due to the hole size effect rather than the specimen thickness
or volume increase. Wan et al. [12] studied the notch effect on the strength and fatigue life
of double edge notched laminates and declared that the notch effect is strongly dependent
on the fiber type, notch depth, load type and load sequence. Torabi et al. [13] also studied
the E-glass/epoxy composites weakened by blunt V-notches with different notch angles
and tip radii. Ghezzo et al. [14] analyzed the interaction between two holes set in different
configurations with respect to the load direction to seek the minimum distance at which
there is no superposition of notch effects within the area between two near holes.

Llobet et al. [15] measured the strength of CFRP notched laminates under static,
tension–tension fatigue and residual strength tests. Lagattu et al. [16] characterized over-
stress accommodation which develops near the notches. Vieille et al. [17] studied the
influence of the matrix nature on the tensile thermo-mechanical behavior of notched lami-
nates and indicated that the hole is an open access through the thickness for the heat flux
causing thermal degradation and decreasing the laminate tensile properties. The tensile
strength decreases from 472 MPa to 247 MPa after introducing a central hole, as for C/PPS
laminates. Ye et al. [18] measured the residual strength of notched cross-ply CFRP laminates
with different fiber/matrix adhesion and indicated that laminates with poor interfacial ad-
hesion exhibit a higher residual strength than those with strong adhesion. Furthermore, the
effect of interfacial adhesion on the fatigue residual strength of circular notched laminate
was studied [19]; the strengths reduce from 1000 MPa to only 300 MPa with an increasing
hole diameter. Czél et al. [20] prepared CFRP laminates with hybrid modulus carbon fibers
and showed that reduced notch sensitivity was demonstrated for open holes and sharp
notches. Qiao et al. [21] studied the failure behavior of notched laminates under multiaxial
quasi-static and fatigue loading, and a significant non-linearity in the stress-strain curves
was exhibited, becoming more and more significant with increasing shear load components.

The progressive damage analyses are usually employed on the notched behaviors
of CFRP laminates. Liu [22,23] introduced the nonlocal integral theory into the damage
model to solve the localization problem of composites and derived an FEM model on the
nonlocal intra-laminar damage and interlaminar delamination of laminates. Hu et al. [24]
studied the layer-by-layer stress components and the damage propagation and failure in
notched laminates by the theoretical method and FEM. Divse et al. [25] investigated the
stress concentrations factor, damage progression and tensile notched strength of CFRP
laminates and presented that the FEM plane model slightly underestimated the extent
of damage propagation and failure load when compared with a 3D progressive damage
model. Ng et al. [26,27] proposed a progressive failure analysis together with a newly
developed maximum notched strength method and confirmed that the location of failure
initiation for laminates with large hole sizes is different from that for laminates with smaller
holes. Riccio et al. [28] presented that the ABAQUS plane stress gradual degradation
model overestimates the damage accumulation leading to a premature ultimate load, and
the 3D degradation model could correctly predict the mechanical response and ultimate
load. Maa et al. [29] combined the generalized standard material model with the principal
damage concept of composite materials. Laurin et al. [30] presented a simplified strength
analysis method for perforated plates with open-holes, ensuring design office requirements
in terms of precision and computational time. Chen et al. [31] predicted the tensile and
compressive strengths of notched laminates by extending Whitney and Nuismer’s average
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stress failure criterion. Morgan et al. [4] developed a more complete picture of notch effects
and analyzed the accuracy of the theory of critical distances.

In the light of the above literature survey, the purpose of this work is to reveal the effect
of the notch size and shape on the mechanical behaviors of CFRP laminates under tension
and torsion; especially, the torsion testing on the notched CFRP seems very limited at the
present time and insufficient for structural engineering. A joint method of an experiment
and FEM is used to understand the damage mechanism in these notched samples. The
variation in tension and torsion properties is tested by using CFRP laminates containing
varied notch shapes and sizes.

In Section 2, we present the preparation of samples for tensile and torsion testing. The
user subroutine and FEM modeling are then presented in Section 3. The results of both
measured and simulated failure mechanisms under tension are discussed in Section 4. The
results of both tested and simulated failure mechanisms under torsion are discussed in
Section 5. The conclusion is finally given in Section 5.

2. Materials and Methods

2.1. Materials

T700 carbon plain fabric (areal weight: 300 g/m2, and thickness: 0.125 mm) is supplied
from Japan Toray Industries, Inc. The epoxy resin used is E51 (Nanya epoxy Co., Ltd., Kun-
shan, China) with a low viscosity of 600–800 MPa·s at room temperature, and Polyamide
650 is used as the curing agent with a ratio of 30:10 parts in weight. The technical data of
the Resin are listed in Table 1.

Table 1. Specification of epoxy resin.

Category Parameters

Product categories Bisphenol A epoxy vinyl ester resin
Appearance Colorless
Viscosity 600–800 MPa·s, 25 ◦C
Tensile strength 85 MPa
Hardness (ShoreD) 88
Density 1.05 g/cm3

Compress strength 300 MPa
Elastic modulus 1.0 GPa
Poisson’s ratio 0.38

2.2. Manufacturing of Composites

The epoxy system is synthesized by mixing the resin with a hardener at the weight
ratio of 30:10. The cross-ply [0/90/0/90]s laminates are stacked by hand lay-up, fabricated
using the vacuum resin infusion process (ECVP425 vacuum pump, Easy Composites Asia
Ltd., Beijing, China) and finally cured at room temperature for the duration of 24 h. Figure 1
illustrates the production process for CFRP laminate panels. The resulting volume fraction
of the carbon fiber is 60% for all composites. The nominal thickness of the samples is
measured as 1.0 ± 0.1 mm, The diamond tip water-cooled saw blade (ONEJET50-G30 × 15
Waterjet cutting machine, OneJet Co., Ltd., Shenzhen, China) is used to cut these CFRP
panels into flat coupons with the specific dimensions and shapes of the testing samples
shown in Figure 2, which also illustrates the photographs of various test samples. In order
to study the notched behaviors of CFRP laminates, tension and torsion tests are conducted
using specimens that are cut from the [0/90/0/90]s panels using a water jet cutter.
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Figure 1. Production processing of composite samples.

Figure 2. Specimen design of unnotched and various notched specimens, and photographs before testing.

2.3. Tension Tests

Tension tests are performed according to ASTM D638 for testing tensile properties of
plastics, using a hydraulic-driven Instron testing machine 3365 series (Boston, MA, USA)
and data acquisition card AD12 (Contec Corporation Ltd., Osaka, Japan). Tension tests are
carried out by using a hydraulic-driven Instron tension tester at a constant crosshead dis-
placement speed of 0.5 mm/min at room temperature, according to ASTM D3039 used for
testing the tensile properties of polymer matrix composite materials. An extensometer with
a gauge length of 50 mm is attached to the specimen to measure the average longitudinal
strain. Three specimens of each composition are tested, and the average value is reported.

2.4. Torsion Tests

The specimens for the torsion test are similar to those of the tension test and measured
using the electronic torsion testing machine NJ-S series (Beijing Timesun measurement
and control technology Co., Ltd., Beijing, China). The cross-head speed for torsion tests
is 10◦/min, and Figure 3 shows a schematic diagram for the torsion test frame and the
associated sample position in the frame.
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Figure 3. Schematic illustration of the torsion test frame in (a) and the sample position in the frame
in (b); here, the upper picture is the top view, and the lower picture is the front view.

3. FEM Simulation

Eight-node quadrilateral, linear, thick-shell elements with six degrees of freedom per
node are used. The user material subroutine (UMAT) is incorporated into the ABAQUS [32],
and the geometric non-linearity is considered in the damage analysis. The geometric non-
linearity and large deformation are accomplished by using the incremental loading and
the NLGEOM parameter on the “STEP” option in ABAQUS. Damage modes in laminate
structures strongly rely on the ply orientation, loading direction and panel geometry. There
are four basic modes of failure that occur in a laminate structure. These failure modes are:
matrix cracking, fiber–matrix shear failure, fiber failure and delamination. De-lamination
failure is not considered here due to the high complication in modeling the interaction
between plies. Mesh convergence is tested to ensure computational accuracy. To simulate
the failure modes (matrix failure in tension or compression, fiber–matrix shear failure and
fiber crack), the elastic properties are made linearly dependent on four field variables. The
first field variable represents the matrix failure index, the second represents the fiber–matrix
shear failure index and the third represents the fiber crack. All the elastic coefficients are
dependent on the field variables to reflect the development of damage in the composites.

The finite element implementation of this progressive failure analysis is developed for
the ABAQUS structural analysis program using the user subroutine USDFLD. ABAQUS
calls the USDFLD subroutine at all material points of elements that have material properties
defined in terms of the field variables. The subroutine provides access points to a number
of variables, such as stresses, strains, material orientation, current load step and material
name, all of which can be used to compute the field variables. Stresses and strains are
computed at each incremental load step and evaluated by the failure criteria to determine
the occurrence of failure and the mode of failure.

In this work, the subscript ‘−1’ stands for the fiber direction, and subscript ‘2’ is the
direction perpendicular to the fiber direction. The Hashin’s damage criteria [33] are adopted
in order to simulate damage growth in each ply, and the failure criteria are written as

Fiber failure in tension (σ1 ≥ 0) : e2
f =

(
σ1

S1T

)2
+

2τ2
12/G0

12 + 3ατ4
12

2S2
12/G0

12 + 3αS4
12

(1)

Fiber failure in compression (σ1 < 0) : e2
m =

(
σ1

S1C

)2
+

2τ2
12/G0

12 + 3ατ4
12

2S2
12/G0

12 + 3αS4
12
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Matrix failure in tension (σ2 ≥ 0): e2
m =
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S2T
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Matrix failure in compression (σ2 < 0) : e2
m =

(
σ2
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+
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Fiber/matrix shear failure : e2
f m =

(
σ1

S1C

)2
+

2τ2
12/G0

12 + 3ατ4
12

2S2
12/G0

12 + 3αS4
12

(5)

where the factor α = 0.8 × 10−14; these equations are used to monitor the evolutions of
damage modes in each lamina, and the adhesion between laminas is assumed to be perfect,
with no interface separation. The values of the field variables are set to be equal to zero in
the undamaged state. After the failure index has exceeded 1.0, the associated user-defined
field variable is set to be equal to 1. The mechanical properties in the damaged area are
reduced appropriately, according to the property degradation model. The corresponding
modulus and Poisson’s ratio are assigned with a minimal value after the damage happens
during the deformation. These damage modes are characterized by some internal state
variables (SDV) as the output parameters.

To simulate the above failure modes, the elastic properties are made to be dependent
on three field variables, FV1, FV2 and FV3. Four variables represent the matrix failure,
fiber/matrix shearing failure and fiber failure, respectively. The values of the field variables
are set to be equal to zero in the undamaged state. After a failure index has exceeded 1.0,
the associated user-defined field variable is set to be equal to 1.0. The mechanical properties
in the damaged area are reduced appropriately, according to the property degradation
model defined in Table 2. For example, if the matrix failure criterion is satisfied, namely,
σ2 ≥ 0, em ≥ 1, then only E22 → 0 and ν12 → 0 are degraded, while E11, G12, G13 and G23
equal the initial value. It is noted that after a damage happens, the iteration increment will
be automatically selected and decreased gradually while increasing the damage degree.
As the iteration increment is less than the predetermined minimum increment size, the
computation process will be terminated correspondingly.

Table 2. The stiffness degradation rules based on the failure state (1—fiber direction, 2—transverse
direction, FV1—matrix failure, FV2—fiber/matrix shear failure, FV3—fiber failure).

Intact Matrix Failure Fiber–Matrix Shear Fiber Failure All Failure Mode

E11 E11 E11 E11 → 0 E11 → 0
E22 E22 → 0 E22 E22 E22 → 0
ν12 ν12 → 0 ν12 → 0 ν12 → 0 ν12 → 0
G12 G12 G12 → 0 G12 → 0 G12 → 0
G13 G13 G13 → 0 G13 G13 → 0
G23 G23 G23 G23 → 0 G23 → 0
FV1 = 0 FV1 = 1 FV1 = 0 FV1 = 0 FV1 = 1
FV2 = 0 FV2 = 0 FV2 = 1 FV2 = 0 FV2 = 1
FV3 = 0 FV3 = 0 FV3 = 0 FV3 = 1 FV3 = 1

4. Results of Tension and Discussion

4.1. Tension Testing Results

Figure 4 shows the stress–strain curves of unnotched samples, where the used material
properties in the present simulations are quoted from the other work [34], which are given
as: E1 = 140 GPa, E2 = 10 GPa, v12 = 0.3, G12 = G13 = 4.0 GPa, G23 = 4.32 GPa, S1T = 2180 MPa,
S2T = 87.1 MPa and S12 = 165 MPa. The stiffness degradation method allows us to obtain
the stress softening stage after the failure point in Figure 4. Moreover, these above material
properties are verified by comparing the present numerical simulations with the measured
stress–strain relations.
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Figure 4. Stress–strain curves of unnotched samples under tensile loading (Exp.1 and Exp.2 denote
two samples with the same sizes).

The mechanical characterization of the test samples in terms of tensile properties
is conducted for different shapes and sizes of notches. The stress–strain relations are
displayed in Figure 5, and it is noted that all samples show the brittle behaviors, exhibiting
variations in both modulus and strength among these notched samples. Both numerical
simulations and testing results present that all the circular notched samples exhibit similar
stress–strain relations, and the C25 sample possesses the highest tensile strength, which is
nearly similar to that of the unnotched samples. An increasing trend is found for tensile
strength, suggesting that composite laminate is unaffected while increasing the notch
diameter in such type of notched samples. The present predictions are in agreement
with the measured results for the C-notched and U-notched samples, while the numerical
calculations overestimate the tensile stiffness for the V-notched laminates and present
lower predictions to their failure strengths. Furthermore, the stress–strain relations in the
beginning stage of stretching are nonlinear, accompanying the marked transition from
high stiffness to low stiffness. Such a change may originate from the inaccuracy in the
ply orientation, off-centering clamp and sample cutting. The prediction errors in the
ultimate strength between the numerical and measured results are in the range of 1~5%
for the C-notch and range from 2% to 29.4% for the U-notch, while there is almost 14%
underestimation for the V-notch.

Figure 5. Stress–strain relations of C-notched samples in (a), U-notched samples in (b) and V-notched
samples in (c).

Figure 6 shows the failure strength of C-notched, U-notched and V-notched samples;
here, the errors are determined by measuring at least three specimens with the same size of
notches. An increasing trend is observed for the tensile strength of the C-notch and U-notch
specimens while increasing the notch radius, indicating that laminate structures become
less sensitive while increasing the notch size. For the U-notched samples, it is noted that the
changing tendency of strength with the notch radius is in accordance with what is found in
Morgan’s work [4]. In Morgan’s research, the root radius of U-notched specimens changes
from 0.5 mm to 20 mm, and the corresponding failure force increases from 4.19 kN up to
4.82 kN. Therefore, the dependence of the tensile strength on the root radius is the same
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as in our results. On the other hand, the tensile strength changes slightly with the notch
angle for the V-notched samples, implying that the V-notched laminate structures have
high tolerance to the V-notched shape. Based on the comparisons between the numerical
results and testing datum, the present simulations could predict the tested failure strengths
for the C-notch and U-notch samples, while the adopted numerical method for the V-notch
specimens under-estimate the measured results.

 

Figure 6. Dependence of the failure strength of the C-notched samples in (a), U-notched samples in
(b) and V-notched samples in (c) with varied shapes.

4.2. Modeling of Tension Failure

Figure 7 shows the predicted damage modes in the C-notched, U-notched and V-
notched specimens with varied sizes and angles. Here, fiber crack and shear damage are
the two main failure modes in the laminate structures under tensile loading. It is observed
that both the fiber crack and shear damage areas gradually become more and more wide
along the C-shape notch while increasing the notch radius from 10 mm to 25 mm, and the
severity of damage is relatively reduced; therefore, their corresponding tensile strengths
increase with the decrease in these damage modes.

 
Figure 7. Damage modes in unnotched, C-notched, U-notched and V-notched laminates.

88



J. Compos. Sci. 2023, 7, 223

After examining the damage modes in the U-notched laminates in Figure 7, it is
also found that both the fiber crack and shear damage areas are gradually reduced while
increasing the notch radius from 3 mm to 8 mm, accompanied by an increment in their
tensile strengths; therefore, the failure strength of the U-notched samples becomes closer to
that of the unnotched sample.

Based on the damage contours of the V-notched samples in Figure 7, both the fiber
crack and shear damage areas do not have an evident change in the samples with different
notch angles from 30◦ to 120◦, indicating that these notched laminates are insensitive to the
notch angles, and, thus, their tensile strengths nearly remain unchanged.

4.3. The Damage Mechanism under Tension

The fractured specimens after tensile failure are demonstrated in Figure 8, and these
failed samples display a brittle failure mode, which is attributed to the brittle nature of
carbon fiber and epoxy resin. Long splitting, multi-mode fiber pull-out and delamination
are observed. For the U8 and V120 samples, shear damage modes appear remarkably,
and some carbon fibers along the transverse direction pull out, contributing to the higher
loading capacity. A further increase in the notch radius results in the detriment of the
laminates in terms of tensile strength. It is observed from failure modes that delamination
formed in some local regions. These behaviors could be attributed to the brittle nature of
the epoxy resin and the imperfect interphase cohesion between the carbon fiber and epoxy
matrix. Failure mechanisms over the fracture surface indicate that some carbon fibers pull
out, exhibiting the weak interfacial interaction induced by the vacuum infusion, and some
micro-voids are still in existence. Moreover, the adhesion between the fiber and epoxy
mainly stems from the mechanical friction between them, without any chemical bonding.

 
Figure 8. Failure surfaces of tension test samples.

5. Results of Torsion and Discussion

5.1. The Damage Mechanism under Tension

The mechanical characterization of torsion samples in terms of torsion properties is
conducted for different shapes and sizes of notches. The torque–rotation angle relations are
displayed in Figure 9; it is noted that all samples show the nonlinear behaviors, exhibiting
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progressive damage evolution among these notched samples. All the circular notched
samples show the same stress–strain relations; the tensile strength of the C25 sample
exhibited the highest value, which is nearly similar to that of unnotched samples. The
present predictions are in good agreement with the measured results for all the notched
laminates. Especially, the staged degradation associating the progressive multi-damage
modes in the laminates is well captured in the predicted torque–rotation angle curves.
These predicted torque–rotation angle curves present marked oscillations in the torque at
the failure stage, which lie in the damage accumulations during the torsion deformation.

Figure 9. Torque–rotation angle (Me-φ) relations of the C-notched samples in (a), U-notched samples
in (b) and V-notched samples in (c).

All the failure torques of these notched samples are summarized in Figure 10. The
maximum torques of the C-notch and V-notch samples decrease with the increase in the
notch size and angle, and the maximum torque becomes insensitive to the notch radius of
the U-notched samples. The maximum torque decreases from 1.6 N·m to 1.2 N·m while
increasing the notch radius in the C-notch specimens. Moreover, the tendency of the
U-notched samples exhibits the ‘U-shaped’ variation, and the U5 sample processes the
lowest torque among these specimens. Moreover, it should be mentioned that the changing
tendency in the failure torque of the U-notched samples with the notch radius is also in
agreement with that in Morgan’s work [4]. In Morgan’s research, the root radius of the
U-notched specimens changes from 0.5 mm to 20 mm, and the corresponding failure torque
increases from 2.76 N·m up to 3.66 N·m. Therefore, the dependence of the torsion strength
on the root radius is the same as in our results.

 
Figure 10. The measured and predicted failure torques of the C-notched samples in (a), U-notched
samples in (b) and V-notched samples in (c).

Based on Hashin’s damage criterion, the in-plane multi-damage modes in CFRP
laminates can be well assessed by directly programing a user-subroutine in the ABAQUS
code. However, the out-of-plane damage mode cannot be considered by this model, and
thus, an additional cohesive zone with traction–separation laws should be involved to
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consider delamination growth, especially for the complicated multiple failure progress in
the torsion loading.

5.2. Modeling of Torsion Failure

Figure 11 shows the damage modes in C-notched, U-notched and V-notched specimens
under torsion. The present samples under torsion loading deform in the form of a very
complicated shape and usually experience a large rotation angle before the final failure
owing to their low torsion stiffness G × Ip (G is the shear modulus, and Ip =

∮
Aρ2dA

is the polar moment of inertia over the minimum transaction of the laminates, in which
ρ is the distance from the shaft center to the element of the infinitesimal area dA). The
highly twisted deformation constitutes the main part of the torsion damage evolution, in
which shear damage and matrix failure happen during the torsion deformation, and some
difference in the notch zones among these samples could be observed. For instance, there is
nearly no discrepancy in the damage zones for the V-notched samples, and correspondingly,
their maximum torques are also similar.

Figure 11. Damage mode by FEM simulations; red designates SDV = 1, and blue designates SDV = 0
in these contours.

5.3. The Torsion Mechanism

Figure 12 shows the failure surfaces of the torsion test samples, and it is observed
that all the samples that fail in the form of fiber cracking follow a 45◦ spiral plane. The
failure could be explained by the classic stress analysis, and the ±45◦ section plane is the
principal plane in which the first principal stress σ1 and third principal stress σ3 lie. σ1
would increase rapidly up to the critical strength of fibers under the torsion loading and
then finally break the longitudinal fibers along this direction. The shear stress along the
layers of the laminate structures under torsion also leads to the delamination damage
between the plies due to their limited inter-laminar adhesive strength, which could be
found from these failure surfaces in Figure 12. These behaviors could be attributed to the
brittle nature of the sample, indicating imperfect interphase adhesion between fiber–epoxy
interactions. Additionally, a striking permanent unrecoverable plastic deformation in the
out-of-plane direction after the torsion loading is observed in all the samples, stemming
from the progressive damage in the plies with the increase in the rotation angle.

Torsion provides a more complete picture of composite deformation for specific ser-
vice scenarios as a complex deformation mode. However, the analysis of multi-damage
progression under torsion should be challenging for CFRP laminates, which demands a
comprehensive understanding in the next work.
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Figure 12. Failure surfaces of torsion test samples.

6. Conclusions

In this study, the mechanical characterization of the notched carbon fiber/epoxy
composite laminates is investigated by incorporating notches with different shapes and
sizes. The results indicate that the incorporation of notches significantly decreased the
mechanical properties of carbon fiber/epoxy composites due to the fact that the stress
concentration effect as a result of local stress changes with different sizes and shapes of
notches. Several main conclusions are reached:

1. The tensile strengths of the C-notch and U-notch specimens increase while increasing
the notch radius, and the tensile strength changes slightly with the notch angle for the
V-notch samples.

2. The maximum torques of the C-notch and V-notch samples decrease while increasing
the notch size and angle, and the maximum torque becomes insensitive to the notch
radius of the U-notched samples.

3. All the notched samples displayed brittle failure modes, long splitting, multimode fiber
pull-out and delamination. Shear damage modes appear remarkably, and some carbon
fibers along the transverse direction pull out, contributing to the higher loading capacity.
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Abstract: Carbon nanotubes (CNTs) can be directly grafted onto the surface of carbon fibers using
the chemical vapor deposition method, in which nanometer-order nickel (Ni) particles, serving as
catalysts, are plated onto the surface of carbon fibers via electrolytic plating. In our previous studies,
in which a direct current (DC) was used to electrolytically plate Ni onto carbon fibers as a catalyst, the
site densities and diameters of Ni particles increased simultaneously with the plating time, making it
difficult to independently control the site densities and diameters of the particles. On the other hand,
pulse current (PC) plating is attracting attention as a plating technique that can control the deposition
morphology of nuclei. In this study, we clarify the effect of the parameters of the PC on the particle
number per unit area (site density) and the particle diameters of Ni particles plated onto the surface
of carbon fibers, using the PC to electrolytically plate Ni. Electrolytically plating Ni onto carbon fibers
(via PC) after the removal of the sizing agent enable Ni particles with sparser site densities and larger
diameters to be plated than those plated via DC. Using Ni particles with sparse site densities, it is
shown that CNTs with sparse site densities can be grafted.

Keywords: carbon nanotubes (CNTs); carbon fibers; chemical vapor deposition method; electrolytically
plating nickel; pulse current

1. Introduction

Carbon nanotubes (CNTs) are cylinders with diameters in the order of nanometers
wound with graphene, which is a sheet-like structure consisting of single carbon atoms
interconnected in a hexagonal lattice structure. CNTs can be generated via several methods,
such as the arc discharge method, the laser ablation method and the chemical vapor deposi-
tion (CVD) method. The arc discharge method, in which carbon electrodes containing metal
catalysts are evaporated by arc discharge, and the laser ablation method, in which graphite
mixed with metal catalysts is evaporated by YAG laser irradiation, require temperatures
above 1000 ◦C and produce only a few CNTs [1]. On the other hand, the CVD method, in
which CNTs are generated on a metal catalyst by supplying gas containing carbon atoms
in an inert atmosphere, can produce CNTs at relatively low temperatures and in large
amounts [1]. CNTs have attracted attention as additives for fiber-reinforced plastics (FRPs)
because of their advantages derived from graphene, such as nanoscale, high strength, high
stiffness, and excellent electrical conductivity. Recently, one method of adding CNTs to
carbon-fiber-reinforced plastics (CFRPs), a technique of grafting CNTs onto the surface
of carbon fibers, has been developed to improve various properties of CFRPs [2–8]. This
method has the advantage that agglomeration of CNTs is less likely to occur compared to
the method in which CNTs are dispersed in the matrix. There are various metal catalysts
that can be used in CNT grafting via the CVD method. Particularly, nickel (Ni) can be
attached to the surface of carbon fibers more easily than iron (Fe) and cobalt (Co) via
electrolytic plating; thus, CNTs can be selectively grafted onto the surface of carbon fibers
in the CVD method. Sputtering is sometimes used to attach metal catalysts on substrates,
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but its drawbacks include the difficulty of attaching the catalyst on the inner surface of the
carbon fibers in the fiber bundle and the high cost of the equipment. The disadvantage of
Fe plating and Co plating is that the plating bath is easily oxidized and unstable. For the
CVD method using ferrocene (Fe(C5H5)2), which contains Fe as a metal catalyst element,
it is difficult to control the location of CNT grafting, and this method requires a relatively
high temperature of 750–1000 ◦C [9,10]. Ethanol is a carbon source used in CNT grafting
via the CVD method because it is easier to handle than using methane and acetylene,
and the grafting temperature can be lowered. Due to the lower processing temperature
when using ethanol as a carbon source, the thermal degradation of carbon fibers can be
reduced. In previous studies, CNTs were grafted onto carbon fibers at over 700 ◦C and
the tensile strength of CNT-grafted carbon fibers was decreased due to degradation by
oxidation [11,12]. We have developed a method to directly graft CNTs onto the surface
of carbon fibers at a relatively lower temperature of 600 ◦C via the CVD method using
ethanol (C2H5OH) as a carbon source, in which Ni particles from a nanometer order to a
sub-micrometer order, serving as catalysts, are plated onto the surface of carbon fibers via
electrolytic plating [13–15]. In studies regarding the grafting of CNTs onto carbon fibers via
the CVD method using various catalysts, not only Ni, it has been reported that grafting
CNTs onto the surface of carbon fibers can provide not only high fiber/matrix interfacial
shear strength (IFSS) [16–20] due to the anchoring effect, but also a high level of resin im-
pregnation into the fiber bundle [21,22] due to the capillary force of CNTs. In other words, it
is expected that carbon-fiber-reinforced thermoplastics (CFRTPs) with superior mechanical
properties can be obtained using CNT-grafted carbon fibers as they can improve both the
fiber/resin IFSS and resin impregnation properties. On the other hand, excessive grafting
of CNTs may cause agglomerated CNTs to be the crack initiation of a fracture [23] and
inhibit resin impregnation into the fiber bundle [22], meaning the CNT grafting conditions
need to be optimized.

Zhang et al. proposed two conditions regarding CNT grafting to provide CFRPs
with superior mechanical properties with CNT-grafted carbon fibers as follows: a sparser
site density of CNTs to reduce the number of stress concentrations at the ends of CNTs;
and a longer length of CNTs to strengthen the resin layer [24]. However, a method to
reduce the site density of CNTs on carbon fibers has not been yet developed. Using finite
element analyses, Jia et al. suggested that there is a correlation between the diameter of
CNTs grafted onto carbon fibers and interfacial shear strength [25]. This showed that it is
necessary to develop a method to graft CNTs with a sparse site density and a large diameter
onto carbon fibers. Meanwhile, past studies, in which silicon was used as a substrate,
have shown that CNTs were grafted using catalyst particles with controlled numbers and
diameters. It has been reported that the site densities and diameters of catalyst particles
and the site densities and diameters of CNTs have correlations [26–29].

In our previous studies, in which a direct current (DC) was used for to electrolytically
plate Ni onto carbon fibers as a catalyst, the site densities and diameters of Ni particles
increased simultaneously with the plating time [30], making it difficult to independently
control the site densities and diameters of these particles, i.e., the site densities and diam-
eters of CNTs. In other words, if the plating time is shortened in order to reduce the site
densities of particles to graft CNTs at a sparse site density, the particles’ diameters also
decrease. On the other hand, pulse current (PC) plating is attracting attention as a plating
technique that can control the deposition morphology of nuclei. PC plating is generally
used to obtain a plating film with a higher site density and a smaller diameter of nuclei
by applying a larger current compared to DC plating [31,32]. Conversely, PC plating with
a smaller current can promote nuclei growth while suppressing nucleation [33]. This can
be applied to control the site density and diameter of Ni particles on carbon fibers. Pulse
plating includes parameters such as current value (current, I), current density (J), plating
time per pulse cycle (ON-time, tON), off time per pulse cycle (OFF-time, tOFF) and the sum
of the ON-time (actual total plating time, t), and it is necessary to clarify the effect of each
of these parameters on the deposition morphology of Ni particles.
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In this study, we clarify the effects of the parameters of the PC on the particle number
per unit area (site density) and the particle diameter of Ni particles plated onto the surface
of carbon fibers, using the PC to electrolytically plate Ni. Moreover, CNTs grafted onto
carbon fibers via Ni particles with sparse site densities were observed using FE-SEM.

2. Materials and Methods

2.1. Materials and Sizing Agent Removal Method

Spread PAN-based carbon fibers (24 K, 23 mm width, 100 mm length, Nippon Tokushu
Fabric, Japan) were used in this study. Generally, the sizing agent applied to the surface of
carbon fibers serves as an insulating material for electrolytic plating. In our previous study,
we reported that for carbon fibers with a sizing agent, Ni particles were less likely to be
plated in areas where the sizing agent adhered, and Ni particles were concentrated in areas
where the sizing agent did not adhere, resulting in an uneven distribution of Ni particles.
Meanwhile, for unsized carbon fiber, Ni particles were plated evenly in all areas [16]. In
this study, in order to reduce the effect of the sizing agent on Ni deposition, the sizing
agent was removed. The sizing agent on the surface of the carbon fiber was removed via
heat treatment at a temperature of 350 ◦C and at a holding time of 20 min in an argon
(Ar) atmosphere using a chemical vapor deposition system (CVD system, MPCVD-70,
Microphase, Japan). When removing sizing agents by heat treatment, it is important to
not cause unnecessary chemical reactions. In a conventional oven, air oxidation of the
fiber surface and sizing agent is a concern during heating. Therefore, heat treatment
was performed in a CVD system in which the atmosphere can be replaced by Ar. In our
previous study, the sizing agent on the surface of the carbon fiber was removed by the
same methodology used in this study. We reported that the surface of the treated carbon
fiber had stripe patterns, although the surface of the untreated carbon fiber had less stripes.
The surface of the carbon fiber was also analyzed by an X-ray photoelectron spectrometer
(ESCA, KRATOS ULTRA2, Shimadzu Corp. Japan). Graphite was not observed on the
untreated carbon fibers, whereas it was detected in the treated carbon fibers [34]. The
unsized carbon fibers are referred to as “Unsized CF”.

2.2. Electrolytic Ni Plating onto Carbon Fibers

Ni particles, as a catalyst for CNT grafting via the chemical vapor deposition (CVD)
method, were plated onto the carbon fiber surface using an electrolytic Ni plating method.
The components of the plating bath, namely a “Watts bath”, consisted of nickel sulfate
hexahydrate (NiSO4·6H2O, 240 g/L), nickel chloride hexahydrate (NiCl2·6H2O, 45 g/L)
and boric acid (H3BO3, 30 g/L). The temperature of the plating bath was 21 ◦C. The anode
was connected to a Ni plate, and the cathode was connected to an Unsized CF, as shown
in Figure 1. Two types of currents were used for electrolytic Ni plating, namely a direct
current (DC) and a pulse current (PC). A schematic drawing of a PC wave is shown in
Figure 2. For the DC, I = 200 Ma and t = 5 s were used as the standard conditions and
for the PC, I = 200 Ma, tON = 10 ms, tOFF = 100 ms and t = 5 s were used as the standard
conditions. Electrolytic Ni plating was performed under various conditions as shown
in Table 1. When assigning one parameter to the various sets of numerical values, other
parameters remained constant at the standard condition shown in bold in Table 1. Carbon
fibers plated via DC are referred to as “D-Ni-CF”, and carbon fibers plated via the PC
are referred to as “P-Ni-CF”. They are collectively referred to as “Ni-CF”. Ni particles
on the surface of the carbon fiber were observed using a field-emission scanning electron
microscope (FE-SEM, SU8020, Hitachi High-Technologies, Tokyo, Japan).

97



J. Compos. Sci. 2023, 7, 88

Figure 1. Schematic drawing of electrolytically plating Ni method.

Figure 2. (a) Schematic drawing of a pulse current wave and (b) the definition of actual total plating
time, sum of ON-time for PC plating.

Table 1. Parameters of plating condition.

Current (mA) ON-Time (ms) OFF-Time (ms) Actual Total Plating Time (s)

100 10 10 5
200 50 100 10
300 100 1000 15

2.3. CNT Grafting onto Ni-CF via the CVD Method

CNTs were grafted onto the surface of Ni-CF via the CVD method using the CVD
system, which is the same system used to remove the sizing agent. The grafting conditions
of the CNTs were a grafting temperature of 600 ◦C, a grafting time of 10 min and 30 min,
under a vacuum of −0.08 MPa and in an Ar atmosphere, and ethanol (C2H5OH) was
supplied as a carbon source at 2 mL/min. CNT-grafted D-Ni-CF are referred to as “D-
CNT10-CF” and “D-CNT30-CF”, and CNT-grafted P-Ni-CF are referred to as “P-CNT10-CF”
and “P-CNT30-CF”. They are collectively referred to as “CNT-CF”. CNT-CFs were observed
using FE-SEM. The outer diameters of CNT-CFs were measured via image-processing
program ImageJ.

3. Results and Discussion

3.1. Electrolytic Ni Plating onto Carbon Fibers

Figure 3 shows the FE-SEM observations of the Ni-CF and the elemental analyses
performed by the EDS of the FE-SEM. The results show that Ni particles were successfully
plated onto the carbon fibers. The number of Ni particles on the center of a carbon fiber
was counted in a 5 μm × 5 μm square of FE-SEM images (Figure 4) via image-processing
program, ImageJ. The counted number was divided by 25 and converted to the particle
number per 1 μm2 to obtain the site density. Figure 5 shows the enlarged FE-SEM images
of Ni-CF. The diameters of the Ni particles were measured via ImageJ using these FE-SEM
images. Figure 6 shows the particle site density and particle diameter of Ni-CF. It was
found that P-Ni-CF had a sparser site density and a larger particle diameter than D-Ni-CF,
although the same amounts of electrical current were supplied. It has been reported that
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when plating using pulse currents, most or part of the current is consumed to charge the
electrical double-layer capacitance, resulting in less metal deposition [35]. However, in
DC plating, the electrical double-layer capacitance is only charged once at the beginning
of plating, while charging occurs during every pulse cycle in PC plating. In this study,
the particle site density of Ni particles in P-Ni-CF is considered to be sparser than that in
D-Ni-CF due to the same mechanism.

Figure 3. Elemental analyses of (a) D-Ni-CF (I = 200 mA, J = 3.79 A/m2, t = 5 s) and (b) P-Ni-CF
(I = 200 mA, J = 3.79 A/m2, tON = 10 ms, tOFF = 100 ms, t = 5 s) performed by EDS.

Figure 4. FE-SEM images of (a) D-Ni-CF (I = 200 mA, J = 3.79 A/m2, t = 5 s) and (b) P-Ni-CF
(I = 200 mA, J = 3.79 A/m2, tON = 10 ms, tOFF = 100 ms, t = 5 s).

Figure 5. Enlarged FE-SEM images of (a) D-Ni-CF (I = 200 mA, J = 3.79 A/m2, t = 5 s) and (b) P-Ni-CF
(I = 200 mA, J = 3.79 A/m2, tON = 10 ms, tOFF = 100 ms, t = 5 s).
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Figure 6. Measurement results of (a) particle site density (n = 27, mean ± S.D., * p < 0.05, Welch’s t test)
and (b) particle diameter (n = 45, mean ± S.D., * p < 0.05, Welch’s t test) (I = 200 mA, J = 3.79 A/m2,
tON = 10 ms, tOFF = 100 ms, t = 5 s).

The equations of ionic reaction on the cathode side are shown in Equations (1) and (2).

Ni2+ + 2e− = Ni (1)

2H+ + 2e− = H2 (2)

The cations involved in the reaction during plating are H+ and Ni2+. Figure 7 shows
the possible mechanisms of (a) PC plating and (b) DC plating after the generation of Ni
nuclei. The difference in hydrogen overvoltage [36] between nickel and carbon may have
caused the following phenomena. Specifically, in the case of PC plating, when plating
begins, H+, which has a higher mobility than metal ions [37], first attaches to the cathode
surface (i); H+ on the surface of the Ni particle, which has a smaller hydrogen overvoltage
than carbon, is hydrogenated (ii); and the hydrogen (H2) leaves the surface of the Ni
particle (iii). Secondly, when Ni2+ fills the space vacated by the release of H2 (iv), Ni2+

is reduced and the diameter of the Ni particle increases (v), which is considered to be a
cycle that results in the plating of Ni particles with a sparse particle site density and a large
particle diameter. Meanwhile, in the case of DC plating, although H+ initially adheres to
the cathode surface (i), it is considered that, due to the long plating time, all H+ on the
cathode surface is hydrogenated regardless of the difference in hydrogen overvoltage (ii),
and H2 leaves the surface of the cathode (iii). Next, Ni2+ is reduced on the cathode surface
(iv, v), and then, not only do the nuclei grow, but also, new nuclei are generated. As a result,
Ni particles with thick site densities and small diameters are considered to be plated.

Figure 8 shows the particle site density and the particle diameter of Ni-CF plated using
different currents. The particle site densities and particle diameters of both D-Ni-CF and
P-Ni-CF tend to increase with the current.

Figure 9 shows the particle site density and the particle diameter of Ni-CF plated
using different actual total plating times. The particle site density increases with the actual
total plating time in both D-Ni-CF and P-Ni-CF. The particle diameter is proportional to the
increase in the actual total plating time for DC, while for PC, the particle size is independent
of the actual total plating time within the range of 5 s to 15 s. This result is confirmed in the
FE-SEM images shown in Figure 10.

Figure 11 shows the particle site density and the particle diameter of P-Ni-CF plated
using different ON-times. The particle site density tends to increase with the ON-time.
However, the particle diameter is large at 10 ms, but small at 50 ms and above. Particularly,
in order to increase the particle diameter, the ON-time should be set to a value as small as
10 ms.
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Figure 7. Schematic drawings of mechanisms of (a) PC plating and (b) DC plating.
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Figure 8. Measurement results of (a) particle site density (n = 27, mean ± S.D.) and (b) particle
diameter (n = 45, mean ± S.D.) of Ni-CF plated using different currents (tON = 10 ms, tOFF = 100 ms,
t = 5 s).
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Figure 9. Measurement results of (a) particle site density (n = 27, mean ± S.D.) and (b) particle
diameter (n = 45, mean ± S.D.) of Ni-CF plated using different actual total plating times (I = 200 mA,
J = 3.79 A/m2, tON = 10 ms, tOFF = 100 ms).
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Figure 10. FE-SEM images of actual total plating time: (a) 5 s, (b) 10 s and (c) 15 s of P-Ni-CF
(I = 200 mA, J = 3.79 A/m2, tON = 10 ms, tOFF = 100 ms, t = 5 s).
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Figure 11. Measurement results of (a) particle site density (n = 27, mean ± S.D.) and (b) particle
diameter (n = 45, mean ± S.D., * p < 0.05, Welch’s t test with Bonferroni correction) of P-Ni-CF plated
using different ON-times (I = 200 mA, J = 3.79 A/m2, tOFF = 100 ms, t = 5 s).

Figure 12 shows the particle site density and the particle diameter of the P-Ni-CF plate
using different OFF-times. There is no difference in the particle site density and the particle
diameter between OFF-times of 100 ms and 1000 ms. On the other hand, the particle site
density is thicker and the particle diameters are smaller at an OFF-time of 10 ms. This
behavior can be explained by the difference between the charging and discharging of the
electrical double layer as shown in Figure 13. When the OFF-time of the PC is sufficiently
longer, the charged electrical double layer is completely discharged and returns to its
original uncharged state. Additionally, more current is consumed to charge the electrical
double layer from the original uncharged state in the next ON-time. On the other hand,
when the OFF-time is shorter, the next ON-time occurs before the electrical double layer is
completely discharged and the electrical double layer is charged. In this case, the current
consumed to charge the electrical double layer is considered to be smaller than the condition
when the electrical double layer is charged from the original uncharged state. As shown in
Figure 14, when the current is cut off at the OFF-time, the cations attracted near the cathode
during the ON-time diffuse, and if the OFF-time is shorter, the cation diffusion distance
is shorter and Ni2+ remains near the cathode until the next ON-time. H+ diffuses faster
than metal ions, and its direction is considered to be random, meaning the location of H+

adsorption is considered to change each time during each pulse cycle. Therefore, Ni2+ near
the cathode is considered to be adsorbed and reduced on the surface of the carbon fibers
where H+ is not adsorbed. As a result of this mechanism, when the OFF-time is relatively
longer (above 100 ms), Ni particles with sparse site densities and large diameters are plated.
In order to use PC to plate Ni particles with sparse site densities and large diameters, the
OFF-time should be set to a value as large as 100 ms.
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Figure 12. Measurement results of (a) particle site density (n = 27, mean ± S.D., * p < 0.05, Welch’s t
test with Bonferroni correction) and (b) particle diameter (n = 45, mean ± S.D., * p < 0.05, Welch’s t test
with Bonferroni correction) of P-Ni-CF plated using different OFF-times (I = 200 mA, J = 3.79 A/m2,
tON = 10 ms, t = 5 s).

Figure 13. Schematic drawings of charge and discharge in (a) sufficiently longer OFF-time and (b)
shorter OFF-time.

Figure 14. Schematic drawings of diffusion distance of cations in (a) sufficiently longer OFF-time and
(b) shorter OFF-time.
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3.2. CNT Grafting onto Ni-CF via the CVD Method

Figures 15 and 16 show the FE-SEM images of CNT-CF. They show that P-Ni-CF,
which has a sparser site density of Ni particles, obtained CNTs at a sparser site density than
D-Ni-CF. Figure 17 shows the magnified FE-SEM images of CNTs. The white particles are
the Ni particles. Thick CNTs tend to be grafted from larger Ni particles. Figure 18 shows
the outer diameter of the CNT-CF, indicating that the longer the CNT grafting time is, the
larger the outer diameters of the CNTs that are grafted onto the carbon fibers. This result
indicates that longer CNTs are grafted within longer grafting times.

Figure 15. FE-SEM images of (a) D-CNT10-CF, (b) P-CNT10-CF, (c) D-CNT30-CF and (d) P-CNT30-CF.

Figure 16. Enlarged FE-SEM images of (a) D-CNT10-CF and (b) P-CNT10-CF.

Figure 17. Magnified FE-SEM images of (a) thin CNT grafted from thin Ni particle and (b) thick CNT
grafted from thick Ni particle.
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Figure 18. Outer diameter of CNT-grafted carbon fibers (n = 3, mean ± S.D.).

4. Conclusions

In this study, we have clarified the effects of the parameters of the pulse current
(PC), such as the current, plating time per pulse cycle, off time per pulse cycle and sum
of the plating time per pulse cycle, on the particle number per unit area (site density)
and the particle diameters of nickel (Ni) particles plated onto the surface of carbon fibers
using the PC to electrolytically plate Ni. Moreover, CNTs grafted via the chemical vapor
deposition method (CVD method) were observed using FE-SEM. The investigation yielded
the following conclusions:

1. Electrolytically plating Ni onto carbon fibers via the PC after the removal of the sizing
agent attached to the surface of carbon fiber enabled Ni particles with sparser site
densities and larger diameters to be plated rather than those plated via a direct current.

2. To electrolytically plate Ni with PC, it is necessary to shorten the plating time per
pulse cycle to about 10 ms and lengthen the off time per pulse cycle to about 100 ms
in order to plate Ni particles with sparse site densities and large diameters.

3. Using Ni particles with sparse site densities, CNTs with sparse site densities can
be grafted.
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Abstract: This paper proposes a new sustainable earth–cement building composite with multifunc-
tional sensing features and investigates its properties through an experimental campaign. Earth
and cement are proportioned as 2/7 in volume, while carbon microfibers are added in various
amounts to achieve piezoresistivity, ranging from 0 to 1% with respect to the weight of the binder (i.e.,
earth + cement). The proposed material couples the construction performance with self-sensing
properties in order to monitor the structural performance during the servile life of the building.
The use of earth in the partial replacement of cement reduces the environmental footprint of the
material while keeping sufficient mechanical properties, at least for applications that do not require a
large load-bearing capacity (e.g., for plasters or for low-rise constructions). This paper analyzes the
electrical and sensing behavior of cubic and beam samples through electrical and electromechanical
tests. The results show that the samples with a filler percentage near the percolation zone, ranged
between 0.025 and 0.25%, exhibit the best performance. From the cyclical compressive tests and linear
developed models, it could be deduced that the filler content of 0.05% of carbon fibers, with respect
to the binder weight, represents the best-performing smart composite for further investigation at
higher scales. As demonstrated, the selected mix generated clear strain-sensing electrical signals,
reaching gauge factors over 100.

Keywords: smart sustainable materials; multifunctional composites; load and strain sensing; piezore-
sistive self-sensing materials; structural health monitoring; carbon fillers

1. Introduction

Cement and cement-based composite materials are the most used structural materials
in modern civil engineering [1] due to their mechanical properties, ease of production, and
adaptability to different structural settings [2]. Nevertheless, their impact on the environ-
ment is quite high, considering the emissions of CO2 and other greenhouse gasses, waste
production, and high consumption of resources and energy during their production and
use [3,4]. Recently, the growing interest in the development of structured approaches to
safeguard human health and the environment has led to the diffusion of a multitude of
strategies to reduce the impact of the concrete industry [5]. The use of less harmful compo-
nents and inclusions in the design of mixtures, the optimization of production processes,
and the enhancement of strength and durability are among the most frequently used ap-
proaches to mitigate the environmental impact of building materials [6,7]. Novel advanced
materials, such as fiber-reinforced polymers (FRPs) [8,9] and composites [10,11], which
exhibit enhanced properties such as a high strength-to-weight ratio, high durability, and an
improved resistance to environmental effects [12,13], are now available to engineers and
technicians as effective alternatives to traditional construction materials [14,15]. The use of
natural or recycled components in the design of mixtures represents a further exemplifica-
tion of strategies to reduce the environmental impact of cementitious materials [16,17].

Among the available natural materials, the earth stands forward as a promising
alternative or partial substitute of cement. Earth–cement-based composites have been
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used for a long time as construction materials and are relatively widespread, especially
thanks to their ecological sustainability [18]. They can be produced with relatively low
energy consumption, do not require combustion processes, and are compatible with on-site
production [19]. Moreover, earth concrete can be easily recycled, thus significantly reducing
its ecological footprint [20]. Despite these benefits, the weakness of earth–cement-based
composites lies in their mechanical properties. In particular, the tensile strength of cement
mixtures containing earth is lower than that of normal concrete, making them even more
susceptible to brittle collapse mechanisms [21,22]. The flexural, tensile, and compression
strength of the earth concrete can be raised through additives to the binder matrix [23–25].
Some examples of reinforcing earth–cement-based matrices include the dispersion of
polypropylene, steel fibers [26], and natural fibers [27,28]. The strengthening fibers can
be obtained through recycling, thus further decreasing the environmental footprint of
the resulting material [29,30]. Examples include the use of granite cutting residue [31],
fibers from recycled tire and steel [32], as well as natural fibers [33]. The dispersion of
fibers inside earth concrete can introduce multifunctionalities to the base material, as well
as improve its mechanical properties [18,34]. Besides the strength and durability issues,
the lack of adequate standards for designing earth-based constructions is another key
aspect to be solved in order to achieve feasible practical applications of earth concrete [35].
Possible strategies for the safe application of this construction material are the use of
stabilizers [36,37] or the integration of enhanced capabilities [38,39].

Nowadays, multifunctional structural materials are receiving significant interest [40,41].
Among the new functionalities that can be integrated within traditional construction mate-
rials through the addition of specific inclusions during their production, the integration of
strain-sensing capabilities is a quite attractive strategy to obtain structures and infrastructures
capable of self-monitoring their health state in a real-time fashion [34,42]. As demonstrated
in the literature, structural materials with strain-sensing capabilities can be effective for
the quick assessment of the structural integrity of constructions [43–45]. The literature
works also indicate the importance of the optimal choice of the fillers, the design of the
sensing material units [46], the tailoring of the electromechanical configuration, and of
the post-processing of the signals [47,48] and the investigation of issues and strengths
of self-sensing materials in real applications on constructions [49,50]. The analysis of the
literature has also pointed out the importance of obtaining a homogeneous dispersion of the
fillers within the matrix [51,52]. The authors have recently carried out several experimental
campaigns in order to explore the potentials of smart cementitious materials [53,54] and
composites [55,56] in applications to structural engineering. In this study, the authors build
on their past experience to propose the development of a new sustainable earth–cement-
based construction material with strain-monitoring capabilities. Following this approach,
the present research explores and discusses key topics for the tailored production and mul-
tifunctional applications of innovative eco-friendly smart earth concretes with inclusions
of carbon microfibers. The specific scopes can be pointed out in the following steps: (i)
the development of a reproducible manufacturing process and (ii) the exploitation of the
multifunctionalities of the proposed material using self-sensing properties.

The manuscript is organized as follows: Section 2 introduces the materials, the samples’
characteristics, and the devices adopted for the various tests. Section 3 defines the tests
carried out on the different types of samples, whose results are presented and discussed in
Sections 4 and 5, respectively. Section 6 concludes the paper.

2. Materials and Setup

2.1. Components and Preparation of Samples

Small cubic samples with 5 cm sidelength and medium-sized beam samples with
dimensions of 4 × 4 × 16 cm were produced as standard samples for mortars. The doping
of CMF for the cubes ranged from 0 to 1%, calculated as weight ratios to the earth–cement
weight. Two sets were made for the cube samples, the first set containing one test sample
out of each mixture with varying CMF doping, and the second set containing five samples
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per mixture with CMF doping levels of 0.025, 0.05, and 0.1%. Two additional beam samples
were also prepared out of mixtures with CMF doping levels of 0.025, 0.05, and 0.1%.

The dry components of the earth composite of this study were a constitution of
excavated earth, aggregates with particle sizes between 0 and 8 mm, and cement. The
corresponding mixing proportions calculated per mass were 7/16, 7/16, and 2/16 for the
earth, aggregates, and cement, respectively, according to the reference study [36]. The
mixing to fabricate the earth composite of this study started with the manual mixing of the
earth, aggregates, and cement, followed by the addition and mixing of CMF (Figure 1a).
Lastly, the mixing was finished by adding water to the homogeneous mixture of dry
components, creating the dough of material, providing sufficient workability for pouring
the compound into the molds (Figure 1b). During the molding phase of the mixture, the
material was poured into molds and manually compacted to reduce the presence of voids
inside the dough. Copper wires were placed at a constant distance, in the central line of
the sample, as electrodes for the electrical measurements. The samples were then cured for
28 days under laboratory conditions (Figure 1c).

Figure 1. The manufacturing steps for smart earth samples: (a) addition of ingredients inside mixing
bowl; (b) mixing of the compound until the homogeneity of the composite dough; (c) preparation of
small cube and medium-size beam samples from the composite dough, together with the placement
of copper electrodes.

Cement is portland cement 42.5R, earth is clay provided by a local regional quarry
close to a brick factory in Umbria, Italy. CMF is from SGL Carbon, with the product type
SIGRAFIL®, having 5 μm diameter and 6 mm fiber length. The electrodes are commercial
copper wires with 0.8 mm diameter. A critical aspect of cementitious mixtures with carbon
fillers results in the difficult dispersion of the fibers in the matrix for obtaining homogeneity,
and in the integrity of the fibers after the preparation procedure. For this purpose, optical
microscope and scanning electron microscope inspections were carried out on fragments of
hardened material, as shown in Figure 2. Both types of micrographs demonstrate that the
carbon fibers appear not damaged and are well dispersed in the composite.

200 μm

(a) (b)

Carbon 
microfibers

Carbon 
microfibers

500 μm

Figure 2. (a) Optical microscope and (b) scanning electron microscope inspections on fragments of
hardened material.
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2.2. Experimental Setups

The tests presented in this study were carried out to analyze the electrical resistivity of
the developed earth material at different doping levels, as well as the piezoresistive capa-
bilities of the proposed composite for strain sensing. The resistivity of the material samples
was obtained through electrical readings taken from unloaded samples. The piezoresistivity
was assessed through electromechanical tests performed on the test samples subjected
to compressive cyclical loads. The electrical output, which measured the instantaneous
electrical resistance of the test sample, was recorded by dedicated hardware capable of
reading analog voltage. The recordings were later post-processed to observe the correlation
of the test samples’ electrical resistance to the induced load and strain. Figure 3 illustrates
the experimental setups for resistance readings and electromechanical tests conducted on
the different types of samples and setups, i.e., cubes with embedded electrodes placed at a
distance of 2 cm and small beams with four aligned electrodes to obtain three subsequent
measuring channels.

Rk

ch1ch2

Vk Vs

(a) (b)5 cm

2 cm

Rs

Rk

strain gage

ch4

Vk(t) V1(t)

F(t)

ch1

V2(t)
ch2

V3(t)
ch3

± 5V ± 5V

16 cm

4 cm

Figure 3. Experimental setups for electrical measurements on smart earth samples: (a) cubes for per-
colation investigation; (b) small-scale beams for electromechanical tests and piezoresistivity analysis.

To interpret the setups shown in Figure 3, the voltage applied to the samples was
a 1 Hz biphasic square wave with a 10 V peak-to-peak difference, in order to reduce the
polarization effect that may cause a constant positive drift in the resistance–time history
and to avoid misleading results. For the data acquisition system during the tests, National
Instruments devices and LABVIEW® environment were adopted for testing purposes.
NI-PXIe 4138 module was used as voltage source apparatus. The analog voltage reader was
a 32-channel NI-PXIe 4302 analog-to-digital converter module. The above-listed modules
were mounted inside a NI-PXIe 1092 chassis operated in Windows system. The voltage–
time history during the tests was sampled with 10 Hz, allowing the selection of 80% of the
charge point on the positive phase of the measured square wave. The post-processing of
recorded signals was carried out under LABVIEW® and MATLAB® environments.

For the mechanical equipment of the tests, a software-controlled dynamic compression
machine Advantest 9 provided by Controls s.r.l. with a maximum load of 250 kN was used
for load application. The induced strains to the material were measured through 2 cm
monoaxial strain gauges by KYOWA with an internal resistance of 120 Ohms and a gauge
factor of 2.1. The strain gauges attached to the samples were recorded by Advantest9 soft-
ware simultaneously with the recording of the applied load–time history.

3. Electrical Characterization and Sensing Evaluation

The experimental investigation started with the percolation study for the determina-
tion of the optimal composite mixture with suitable electrical conductivity. As shown in
Figure 3a, the percolation study was conducted by connecting the test sample cubes to an
electrical circuit consisting of a biphasic voltage input and a shunt resistor of known value
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(i.e., Rk = 100 kΩ) placed in series. Ohm’s law (Equation (1)) was employed to calculate the
sample resistance–time history.

Rs(t) = Rk
Vs(t)
Vk(t)

(1)

where resistance–time history of the sample in ohms (Rs(t)) derived from time recordings of
voltages spent on the sample and resistor, denoted by Vs(t) and Vk(t) (in volts), through data
acquisition channels ch1 and ch2. Rs was determined as the mean value of the readings with
a duration of 10 seconds, which corresponded to a set of 10 samples after post-processing of
the biphasic signal. Two data sets were investigated for the electrical resistance readings. As
previously described, the first one was related to the cubes samples with CMF dopings at
weight ratios of 0–0.025–0.050–0.100–0.250–0.500–1.000% of the earth–cement matrix weight.
The second set was manufactured for a more detailed inspection of the percolation zone of
CMF by containing six samples at the specific CMF weight ratios of 0.025–0.050–0.100% of
the earth–cement matrix.

The load-sensing capabilities of the newly produced composite matrix were tested
through electromechanical tests. As introduced in previous sections, an electromechanical
test assessed and proved the strain-sensing power of the inspected sample by comparing
the variation–time history of the electrical resistance with the induced strain–time history
(ε, positive in compression). The tests for obtaining the strain-sensing performance of the
composite material and manufactured sensors were structured following reference [57].
Accordingly, the strains were induced by cyclical triangular compression-applied loads
with peak load magnitudes of 0.75–0.75–1.0–1.0 kN with a loading rate of 0.1 kN/s and a
precompression load of 0.5 kN. A sample was instrumented during the electromechanical
test, and the applied load–time history is plotted in Figure 4a. Referring to the illustration in
Figure 3b, the small beams were instrumented by strain gauges, and the electrical readings
were taken through three sequential electrode couples located in the central line of the
samples (V1, V2, and V3). In this way, the three sections between the three electrodes’
couples behaved as three resistors connected in series. An additional voltage reading was
taken through the shunt resistor (Vk) which served as the reference value for measurements
from the composite sample. Considering the three monitored segments of the small beams,
the related electrical resistances were calculated for all three segments by employing
Equation (1) and using Vi(t) ∀i ∈ {1, 2, 3} instead of Vs, resulting in Ri(t) ∀i ∈ {1, 2, 3}. The
obtained electrical resistance time histories of the samples correlated with the strain time
histories, with respect to the governing equation of the load sensing, which was adopted
from the reference study [55] given by Equation (2), under the assumption uniform material
properties could be post-processed to calculate the gauge factor λi:

λi = −
ΔRi
Ri

ε
= −

Δρi
ρi

ε
+ (1 + 2ν) ∀i ∈ {1, 2, 3} (2)

where the unitless variable λi is the gauge factor of section i, ρ is the piezoresistivity of the
material in ohm·meters, ν is the Poisson’s ratio, ε is the induced strain in microstrains, and i
is the segment index of measured electrode pairs. The gauge factor represents the measure
of the sensitivity of the smart sensors, obtained with different levels of CMF doping. It is the
coefficient of the linear model established between the measured variation in resistance and
induced strain. Larger values for the gauge factor are desirable for minimizing the influence
of signal noises, therefore improving the sensing quality. As shown by Equation (2), the
value of the gauge factor is directly determined by the piezoresistivity of the material (ρ) and
volumetric deformations of the sample geometry. An optimized composite material design
determines a larger contribution of the piezoresistivity than that of the body deformations.
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Figure 4. Electromechanical tests: (a) experimental setup of a smart earth composite sample, and
(b) applied load–time history.

4. Results

The percolation curves obtained through the electrical readings revealed the transition
of the electrical characteristics of the composite material, showing the percolation threshold
which divided the behavior of the material from an electrical insulator to that of one as a
conductor. Figure 5 plots the obtained curves out of the experimental readings. Figure 5a
depicts the curve of the electrical resistance values, which were obtained by readings
conducted on a full sample set. Subsequently, Figure 5b plots the resistance readings
of multiple samples of selected CMF doping levels near the percolation threshold. The
electrical conductivity transition of the composites started around the CMF doping level
of 0.025%, causing a significant decrease in the resistance of the samples until it leveled
around 0.25%. After that point, the material’s conductivity increases further with the
increasing doping level, with a less sloping trend. The data points plotted in Figure 5a
show that the electrical resistance of the samples decreased by an order magnitude of four
at the doping level of 1%. The percolation zone of the CMF fillers, according to the given
curve in Figure 5a, appears to be around the CMF dopings of 0.025–0.050–0.100%, where
it is expected to have an enhanced strain sensitivity due to the piezoresistivity. A further
inspection of these levels, considering a higher number of samples, is plotted in Figure 5b.
Accordingly, the doping level of 0.050% produced more consistent readings than the other
doping levels and exhibited lower noise levels during the tests.
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Figure 5. Electrical resistance readings of cube samples: (a) electrical resistance values of the sample
set ranging 0–1% CMF doping ratios; (b) electrical resistance values of additional samples of critical
CMF doping levels of 0.025–0.05–0.1% doping ratios, plotted with mean value and standard deviation.
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The linear models of the correlation between the variation in the resistance and
induced strain–time histories provide more information about the sensing behavior of
the proposed smart earth composites. Figure 6 summarizes the results obtained through
the electromechanical tests conducted on the beam samples. In Figure 6, column (a) plots
together the recorded time histories of the strain and the fractional change in the sample
resistance for all the samples, while column (b) plots the established linear model between
the change in the resistance and strain based on the readings. These readings come from
the whole body of the sensors. Accordingly, the samples with the 0.025% doping level
produced the best performance among all the samples. Especially, the second sample
produced a gauge factor of 80, with a very reliable linear model of strain sensing by holding
an R2 value of 0.95. The samples with 0.100% CMF did not provide meaningful results
and outputted an excessive noise level. Despite the adequate performance of the first
sample of the 0.05% CMF content, the second sample exhibited noise and produced a
contradicting performance.

0.1% CMF
1st Sample

0.1% CMF
2nd Sample

0.05% CMF
1st Sample

0.025% CMF
1st Sample

0.05% CMF
2nd Sample

0.025% CMF
2nd Sample

(a) (b)

Figure 6. The measured signals from the set of beam samples when considering whole sensor volume
as the sensor: (a) the time histories of induced strain and the fractional change in sample resistance;
(b) the linear models of strain sensing established based on time histories.

The obtained results from the electromechanical tests have been expanded by the
addition of multichannel sensing data. Figure 7 plots the fractional change in the resistance
data obtained through all the channels indicated by Figure 3b. From the outputs, it was
proven that also the second sample made from the 0.05% CMF composite is capable of
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sensing the induced strain. The poor performance of part of its volume could be related
to the inhomogeneities that likely occur during the production phase of the sample. Even
though the samples made from the 0.025% CMF composite performed well considering
their full volume, internally they exhibited some irregularities. Unlike the composite
material with 0.05%, these irregularities are observed to be consistent for both of the
samples. Therefore, the behaviors of the 0.05 and 0.025% samples should have different
explanations. Including the findings from Figure 5 into the discussion, it is reasonable to
conclude that the composite material with 0.025% of the doping level is affected by the
noise and conductivity issues related to poor dispersion of the microfibers. Such issues
have played a role in obtaining irregular signals from different volume sections of the
0.025% samples.

The established linear models of the multichannels’ strain sensing are shown in
Figure 8. In the models, the obtained gauge factors are higher than the ones of the traditional
strain sensors. Based on the findings, it can be concluded that the 0.05% composite material
has the potential for reliable and reproducible strain sensing. The first sample of this
composite material can be selected as the most reliable sensor in the set. However, it is
evident that irregularities such as pores or agglomerations exist inside the second sample
of this composite, pointing out the importance of the production phase which needs to be
carefully controlled. As expected from the above discussion, the strain-sensing performance
of the 0.025% CMF material varies through the channels, demonstrating the issues related
to under-percolation. Therefore, it is concluded that the optimal CMF content is higher than
0.025% CMF and that the 0.05% CMF content is more promising for further development
with the proposed type of material for advanced applications.

Figure 7. The measured signals from the beam samples; rows contain signals from each sample, and
columns contain the data obtained through measurement channels 1, 2, and 3.
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Figure 8. The established linear models of load sensing; rows contain signals from each sample, and
columns contain the data obtained through measurement channels 1, 2, and 3.

5. Discussion

Multifunctional structural materials have huge application potential. In particular,
self-monitoring ones could be particularly useful for enhancing the safety of structures and
infrastructures, thus stimulating a lot of ongoing research efforts; however, it is still pivotal
to explore different types of materials and investigate their potentialities. This research
has proposed and investigated a smart earth–cement composite incorporating carbon
microfibers to provide strain-sensing properties. The material has a reduced ecological
footprint due to its earth-based matrix and reduced cement content. Different mixtures with
varying carbon microfiber contents were studied, particularly considering the following
weight percentages of carbon microfibers with respect to the binder matrix weight: 0.025,
0.050, 0.100, 0.250, 0.500, and 1.000%. The characterization tests consisted of electrical
resistance readings and highlighted that the critical electrical conductivity state transition
zone is between 0.025 and 0.25% of the microfiber content. Further experiments considering
additional samples falling within this range pointed out 0.05% as the most promising
microfiber content to achieve an effective electrical conductivity.

The second part of the experimental campaign consisted of electromechanical tests to
explore the sensing capabilities of the newly produced material. The produced samples
are made of mixtures with 0.025, 0.05, and 0.1% microfibers, covering the critical transi-
tion zone for the percolation of carbon microfibers. The samples were produced with a
tailored design for multichannel readings. The multichannel reading allowed to verify the
stability of the 0.05% sample. Although the sample with 0.025% microfibers exhibited a
better sensing performance when compared to the 0.05% one when considering the whole
sample volume, i.e., in a single-channel reading, the multichannel readings highlighted an
improved stability and repeatability of the 0.05% mixture, which is conceivably related to
more homogeneous conductive paths within the sample. These findings also agree with
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the conclusions made from the percolation curve. It was therefore concluded that despite
its good performance, the 0.025% mixture corresponded to the under-percolation of the
carbon microfibers, while the 0.05% mixture was closer to the optimum doping amount,
and thus more promising for future advances.

Overall, the proposed smart earth–cement material exhibits a very high gauge factor
compared to traditional strain sensors, such as resistive strain gauges, thus being suitable
for designing sensing networks with reduced instrumentation complexity and costs. This
material is also attractive for its sustainable properties related to the limited use of cement
in comparison to traditional concrete.

6. Conclusions

This paper presents the results of an experimental campaign about the self-sensing
capabilities of a novel smart composite composed of an earth–cement matrix doped with
carbon microfibers. This composite was investigated for its prospective adoption as a
multifunctional construction material with self-monitoring properties. In order to identify
an optimal material formulation, conductive fillers were added in relative amounts ranging
from 0 to 1% with respect to the weight of the binder. The results of the research show that
the optimal mix design to enhance the sensitivity of the material can be identified through
electrical and electromechanical tests.

The main remarks of the study are listed as follows. (i) The proposed earth–cement-
based smart composite was a building material with sustainable characteristics that was
found to possess self-monitoring capabilities. (ii) The electrical resistance readings have
revealed that percolation occurred at doping levels from 0.025 to 0.25%. Within this
range, the doping percentage of 0.05% of carbon microfibers was pointed out as the one
leading to the best linearity and signal quality in the electrical resistance versus strain
plots. (iii) Electromechanical tests were also repeated in a multichannel configuration,
demonstrating the feasibility of distributed sensing, which is crucial for localizing cracks
and internal defects. (iv) The obtained gauge factors were found much larger than those
of traditional strain gauges. (v) The varying sizes of the test samples together with the
employed manufacturing technique highlighted the scalability of the proposed material for
more advanced field applications.

Future steps of the research will concern the sensing capabilities of higher-scale sam-
ples, mechanical improvements to the mixture for extensive usability, and the analysis of the
different applications where the smart material could be adopted, including full-scale tests.
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1 Faculty of Engineering, University of Rijeka, Vukovarska 58, 51000 Rijeka, Croatia
2 Faculty of Mechanical Engineering, University of Ljubljana, Aškerčeva c. 6, 1000 Ljubljana, Slovenia
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Abstract: Due to the versatility of its implementation, additive manufacturing has become the en-
abling technology in the research and development of innovative engineering components. However,
many experimental studies have shown inconsistent results and have highlighted multiple defects in
the materials’ structure thus bringing the adoption of the additive manufacturing method in practical
engineering applications into question, yet limited work has been carried out in the material mod-
elling of such cases. In order to account for the effects of the accumulated defects, a micromechanical
analysis based on the representative volume element has been considered, and phase-field modelling
has been adopted to model the effects of inter-fiber cracking. The 3D models of representative volume
elements were developed in the Abaqus environment based on the fiber dimensions and content
acquired using machine learning algorithms, while fulfilling both geometric and material periodicity.
Furthermore, the periodic boundary conditions were assumed for each of the representative volume
elements in transversal and in-plane shear test cases,. The analysis was conducted by adopting an
open-source UMAT subroutine, where the phase-field balance equation was related to the readily
available heat transfer equation from Abaqus, avoiding the necessity for a dedicated user-defined
element thus enabling the adoption of the standard elements and features available in the Abaqus
CAE environment. The model was tested on three representative volume element sizes and the
interface properties were calibrated according to the experimentally acquired results for continuous
carbon-fiber-reinforced composites subjected to transverse tensile and shear loads. This investigation
confirmed the consistency between the experimental results and the numerical solutions acquired
using a phase-field fracture approach for the transverse tensile and shear behavior of additively man-
ufactured continuous-fiber-reinforced composites, while showing dependence on the representative
volume element type for distinctive load cases.

Keywords: additive manufacturing; carbon-fiber-reinforced composites; phase field modelling;
micromechanics; representative volume element

1. Introduction

Additive manufacturing (AM) technology of polymeric materials has more frequently
been adopted in engineering applications [1,2], especially for prototyping in research and
development [2,3], with prospects in mold tooling and tool jigs, limited-run production
parts, service parts, maintenance and repair, and lightweight solutions in automotive in-
dustries [4–6], as well as in medical applications [7–9]. A comprehensive review aiming
to synthesize the most relevant studies on carbon-based nano-composites was conducted
in [10]. The authors discuss the mechanical and electrical properties of materials reinforced
with carbonaceous nanofillers, such as graphene nanoplatelets and carbon nanotubes, and
their compatibility with the requirements for biomedical applications, emphasizing the
potential of the specific electrical, thermal, and mechanical properties of CNTs fillers in
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multifunctional, hight-strength, lightweight, and self-lubricating wear resistant composites.
In addition, a comprehensive review on graphene nanofillers in metal matrix composites for
biomedical applications was conducted in [11], highlighting the influences of nano-additive
phases on cytotoxicity and the tailored mechanical properties achieved in implants by
adopting scaffold structures. All thing considered, the application of AM technology was
also further extended by the introduction of particle or fiber fillers to achieve the benefi-
cial properties of these reinforcing materials. The prospects of embedding nanofillers in
additively manufactured composite materials were investigated in [12], highlighting the in-
creased strength and stiffness achieved when the components are reinforced with fibers and
fillers, which led to a significant amount of research being concentrated on material selec-
tion and enhancing the characteristics of cost-effective printed components [12]. However,
the experimental observations on the behavior of these enhanced materials show incon-
sistency with the performance of their conventionally manufactured counterparts [13–15],
which has also been found as one of the major obstacles to the adoption of AM in the current
industries [16]. A comprehensive review of the application of AM composites has been
revied in [17], highlighting its potential in medical applications. A comprehensive review
of the application of AM composites has been revied in [17], while the enhancement of the
dielectric and thermal properties of polymeric composites by the addition of fillers was
investigated in [18,19] respectively. The mechanical properties of carbon-fiber-reinforced
specimens containing various LSSs were studied in [20]. While these reinforced materials
exhibit heterogeneity, the AM components manifest in manufacturing inherent deposition
deficiencies which are often attributed to the microscopic voids and inclusion [15,21,22].
Among these defects, the AM parts also depend on various controllable manufacturing
parameters as well as the mechanical properties of the constituents, which often results
in data inconsistencies and issues uncertainty in the prediction of the material behavior.
These FDM-induced flaws were further studied in [21–23], indicating the necessity for
microscopic analysis and NDT component examinations, as well as quantification of the
deficiencies which affect the mechanical behavior of AM CFRP composites; however, the
modelling approaches which account for the effects of the AM process are limited.

In order to calculate the resulting material properties in novel composite AM extru-
sion mixtures, microstructural analysis of these heterogenic materials is essential. This
can be achieved by analyzing a representative volume element (RVE) designed accord-
ing to the available microstructural information on the constituents’ geometries and be-
haviors, as shown in [24–27], as well as being proven valid in multiple studies [28–33].
The constituents’ geometry can be acquired from 2D microscopy [13,34] and then pre-
pared using AI-thresholding [35] for statistical evaluations, based on which, and some
assumptions, the RVE is built or it can be analyzed from the 3D μCT scans [36,37] us-
ing the voxel approach [38]. Such models are prepared in a CAE environment where
each of the constituents adopts its constitutive behavior. Since these material models
are usually acquired from macroscale analyses, additional assumptions on the inter-
material contact behavior [13,28,39,40] have to be adopted. In commercial FEA software,
these interactions are implemented using cohesive elements [28] or alternatively using
phase-field modelling [39–41].

The phase field approach was initially developed to overcome the problems of moving
interface boundaries and topology adjustments when simulating the morphologies of
evolving interfaces in cases of merging or division [42,43]. Based on the initial formulations
presented in [44,45], the model uses a set of field variables Φ which are described using
partial differential equations (PDEs) and they distinguish the two phases (0 and 1), between
which a smooth transition is assumed when calculated in the proximity of the interface [46].
These sets of variables are continuous functions of time and spatial coordinates and can
be integrated without explicit treatment of interface conditions [42,43]. By adopting the
thermodynamic free energy approach, the phase field evolution can be defined in terms of
temperature, strain, or concentration to predict various changes in microstructural features,
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leading to frequent application in simulations of microstructural evolutions [47] and the
modelling of fracture mechanics [48].

Since complex crack trajectories and crack branching [49] can be achieved with arbi-
trary geometries and dimensions without tempering with the FE mesh, the application of
this approach has been adopted for modelling various complex phenomena [49] including
stress and temperature-induced transformations in shape memory alloys [50], function-
ally graded materials [51,52], hyper-elastic materials [53,54], compressive shear fracture
in basalt, cement mortar and sandstone [55], chemo-mechanically assisted fractures [56],
hydrogen embrittled alloys [57], piezoelectric [58], and fiber-reinforced composites [59,60].
However, despite still being limited in engineering applications, there are several reported
applications in commercial FEA software including MATLAB [61–63], Python [64,65],
Abaqus [46,50,57,66–71], and COMSOL [55,72], many of which are published in open-
source archives. The constitutive relations used in these phase-field implementations are
based on [45,73] as the AT2 and the AT1 model, respectively, and some of the presented im-
plementations include the regularized cohesive zone model PF-CZM based on [74–77] while
adopting newton monolithic [57], one-pass AM/staggered [57], or iterative AM/staggered
solver algorithms [71] for acquiring solutions [49].

Furthermore, the development of solution algorithms for the coupled deformation-
fracture problem was presented in [49,57,78,79]. The total potential energy is minimized
according to the displacement field u and phase field Φ, while Φ is solved as a damage
variable [80] at the finite element node instead of at the integration point as in cases of
local damage models [46]. This is achieved using a user-defined element (UEL) prior to the
implementation of the user defined material model (UMAT), which limits the modelling
and visualization capabilities of commercial software [46]. This has been accounted for
in [46,80] by adopting the similarity between the phase field balance and heat transfer
equations which enables the calculation of phase-field damage Φ variable as an additional
degree of freedom without the necessity for the UEL mesh definition. To retain all of the
the Abaqus built-in modelling and meshing features, this approach has been implemented
for the micromechanical damage modelling of AM carbon fiber-reinforced thermoplastic
polymer (CFRP) composite RVE and validated on experimentally acquired data. All things
considered, this work is focused on the application of the phase field approach in modelling
the microstructural failure of AM CFRP composite RVE subjected to tensile and shear
loads. Therefore, as an extension to the previously published work where the RVEs were
modelled based on continuum mechanics and cohesive finer/matrix interfaces [13,81],
the behavior of the AM CFRP composite was modelled in this work using a phase field
modelling approach, introducing microscopic damage and showing better scalability of the
RVE based on microscopic imaging in contrast to the previously acquired results in [13,81].

2. Materials and Methods

The consistency of an AM material may vary due to the ratios and microscopic
properties of the constituents, the chemical properties of the sizing agents, layer thickness,
nozzle diameter, humidity, filling type, and density, as well as the extrusion speed and
temperature [82]. Since many of these parameters could be controlled, an iterative design
process in novel material development is essential. Therefore, a micromechanical modelling
approach based on the representative volume element has been proposed in this work.

The CFRP composite specimens for microscopic analysis were designed as 12 layered
25 × 25 mm laminated plates with a cross-ply stacking sequence equal to [0/902/0/902]s,
as shown in Figure 1, and additively manufactured using a Markforged X7 3D printer. This
LSS was adopted after a preliminary microstructural examination of similar AM composites.
A similar LSS is used in acquiring the multiaxial response through uniaxial tensile tests on
rectangular specimens [83], which was also studied in [14]. This sequence also enables the
measurements of unidirectionally reinforced layer composition and gives a better insight
into laminar dimensions, layer-wise defect accumulation, and repeatability issues between
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single, double, and multiple adjacent layers. However, these specimens did not account for
the lengthwise defect accumulation due to uneven material solidification.

  
(a) (b) 

Figure 1. CFRP laminate sample [81]: (a) sketch in the x-y plane, and (b) LSS details.

The specimens were then cut along and perpendicular to the dominant fiber direction
in order to acquire x-z and y-z cross-sections, while the x-y cross-section is acquired by
grinding the polymeric top layer of the specimens. The cross-sections were polished and
prepared for observation using the FEI-QUANTA-250-FEG scanning electron microscope.
The acquired images were inspected and, due to the ununiform matrix background, the
images were segmented based on pixel classification using Trainable WEKA segmentation
machine learning algorithms which are readily available in FIJI [35] open-source software.
The acquired results were statistically evaluated and compared with the data available
in the relevant literature. Following the comparison, the RVEs were designed according
to [13,31,84], while adopting the microscopic properties acquired from the four middle
layers. The first case (RVE-1) was designed as a single fiber unit cell; the rectangular and
hexagonal fiber arrangements have been adopted for the second (RVE-2) and the third
(RVE-3), respectively, while keeping the smallest possible RVE size for the measured fiber
volume ratio to increase the computational efficiency. However, to acquire more accurate
results from the analysis of small-size RVEs, the fibers were placed at the RVE boundary
edges [84], while ensuring geometrical, material, and mesh periodicity [13,31]. This was
adopted for the cases of rectangular and hexagonal fiber arrays, while for the unit-cell case,
both conditions could not be fulfilled.

In order to distinguish between the fiber, the matrix, and the fiber/matrix interface
behaviors, each RVE domain was divided into three subdomains. The model was dis-
cretized using coupled temperature-displacement hexahedral elements (C3D8T), with the
predefined temperature field indicating the initial state of damage within the material.
Furthermore, the linear elastic behavior was assumed for the phase field damage frame-
work [33], while the fiber and matrix’s mechanical properties were adopted from [85]
and [86], respectively; as shown in Table 1. The constituents’ properties were adopted from
the literature since the commercially available data are available only for the UD composite
reinforced in the direction of the layers with the elastic modulus of 60 GPa and tensile
strength of 800 MPa [87], while the matrix data are available for the AM polymer used
in the secondary nozzle, and not in the analyzed CFRP material. The toughness K1C was
adopted for polyamide according to [88] and recalculated to acquire the GC values. In
contrast to the fiber and the matrix, the values for the interface properties were assumed
and calibrated according to the experimentally observed material behavior.
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Table 1. Constituents’ mechanical properties.

Fiber Matrix Interface

Elastic modulus, E11 [MPa] 191,000 3000 100
Poisson ratio, v [/] 0.2 0.3 0.3

Toughness Gc, [kJ/m2] 0.763 1 0.3
Phase field length, l [mm] 1 × 10−4 1 × 10−3 1 × 10−3

In order to appropriately simulate the behavior of the surrounding material, periodic
boundary conditions (PBC) have been enforced on the RVEs boundary corners, edges, and
surfaces [28,30–33], where the PBCs and the node constrain equations were defined using
the automated procedure presented in [31,32]. However, instead of focusing on extracting
the elastic properties, the procedure was modified to calculate the material degradation
and damage using user-defined subroutines and simulate the complete material response
until failure.

The mesh sensitivity was studied on three distinctive cases of RVEs with assumed
hexahedral fiber placement. The curvature maximal deviation factor h/L was assumed
as 0.01 for each of the tested cases, while the approximate element sizes were adopted as
2.5 × 10−4, 3 × 10−4, 4 × 10−4, and 5 × 10−4 which resulted in 1,115,403, 60,860, 53,876, and
33,781 elements, respectively. Returning consistent results within the elastic region, the
models were discretized using coupled temperature-displacement hexahedral elements
(C3D8T) assuming the approximate element size equal to 4 × 10−4, resulting in mesh sizes
of 23,163, 57,300, and 53,876 elements for RVE-1, RVE-2, and RVE-3, respectively. Finally,
the models were subjected to transversal and shear loads and analyzed using a phase field
model.

In a standard phase field model formulation (AT2) presented in Equation (1), the
damage is described using the phase field variable Φ which takes the values between zero
for the undamaged and one for the fully damaged material, while the damage evolution
depends on the balance between the energy stored within the material and the energy
released during fracture [46,80].

∇2φ =
φ

l2 − 2·(1 −φ)

Gc·l ·ψ (1)

In this expression, the fracture toughness of the material and the strain energy density
are represented by the variables Gc, and ψ, respectively, while the variable l stands for the
phase field length which is used to define the size of the damaged region. In Abaqus, this
differential equation is solved by introducing the user-defined element (UEL) before the
material model subroutine is called, thus losing the Abaqus built-in modelling, meshing,
and visualization features in the process. To account for this, a solution based on the
similarities between the phase field damage evolution and the heat transfer problem under
steady-state conditions has been presented in [46,80]. In this framework, the change in
the temperature T for a material with thermal conductivity k which is subjected to a heat
source r is calculated according to Equation (2), and since this scheme is readily available
as an Abaqus built-in feature, it was utilized for solving the differential equation for the
phase field damage evolution [46,80].

k∇2T = −r (2)

The complete mathematical formulation of the phase field theory is presented
in [46,80,89] as well as in Appendix A, and within this framework, the initial temper-
ature is given as a predefined field variable, the material thermal conductivity is equal
to one, while the variable r is redefined according to the phase field fracture theory and
introduced using the UMAT subroutine.
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Following these assumptions, the initial temperature is usually given equal to zero
and it describes the initial state of damage, which evolves according to the phase field
damage formulation presented as r until the fully damaged state is reached. Within the
presented study, the constituents were adopted as isotropic, while presuming linear elastic
behavior based on four mechanical properties for each of the constituents including the
modulus of elasticity E, the Poisson ratio ν, the characteristic phase field length scale
l, and the fracture toughness Gc. Besides these variables, the model variations are also
presented in [46,80] including AT1 [73], AT2 [45], and the phase field cohesive approach
PF-CZM [74], which also takes the material tensile strength into account. Furthermore,
the monolithic and staggered solution schemes are also presented in [46,80], as well as
a hybrid [90] or anisotropic [78] approach for the volumetric–deviatoric [91], and the
spectral [78] strain energy split schemes. Within the framework of the presented research,
the standard AT2 model has been adopted for each of the constituents in all of the RVE
cases. While using the staggered solution scheme without strain decomposition in order
to achieve convergence with a larger number of iterations, the Abaqus general solution
controls I0, IR, IP, IC, IL, and IG have been set to 5000 [46,80]. The RVEs were analyzed
using the adopted UMAT subroutine to be compared with the experimental results.

Therefore, two sets of continuous fiber-reinforced specimens with a polyamide matrix
have been designed as flat rectangular laminates, as shown in Figure 2.

 
(a) 

 
(b) 

Figure 2. CAE dimensions: (a) UD-90 specimen dimensions, and (b) SH-45 specimen dimensions;
recreated according to [81].

The specimens in the first set UD-90 were designed according to the ASTM-D3039 [92]
standard as transversely reinforced, unidirectionally reinforced laminates with an LSS equal
to [90]8, while for the second set SH-45, according to the ASTM-D3518 [93] standard, they
were designed as multidirectionally reinforced laminates with an LSS equal to [45/ − 45]4S
which resolves the uniaxially applied tensile loads into in-plane shear loads; the visual
representation of the adopted LSS is for each specimen set presented in Figure 3.
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(a) (b) 

Figure 3. (a) Layer stacking sequence for the UD-90 set, and (b) layer stacking sequence for the SH-45
set; recreated according to [81].

Both sets of specimens were tested uniaxially in quasistatic conditions with
v = 0.01 mm/s using a hydraulic testing system and monitored with both contact and
optical extensometers. The measurements have been taken on the opposite sides of the
specimens, monitoring the strains of one surface using the epsilon-tech axial extensometer
Model-3542, and the opposite one with a GOM Aramis 5M (GigE) adjustable base system
with 35 mm lenses. The image resolution was 2448 × 2050 pixels, while the cameras were
positioned at 560 mm from the specimen, with the distance between the cameras being
equal to 265 mm, closing the angle of 26◦. The sensor calibration was conducted using
the software-guided protocol at 22.5 ◦C resulting in an average deviation of 0.048 pixels
in a measuring volume of 130 × 110 mm × 90 mm. Such a measurement protocol was
selected to check the consistency of the measurements through the specimen thickness and
to detect excessive delamination within the gauge length. The measurements have been
systematized for comparison with the RVE results and they are presented in the following
chapter.

3. Results

The results are given as the microstructural observations and macroscopic experimen-
tal results, following by design of the RVEs and numerical analysis.

3.1. Microstructural Inspection

In order to obtain the necessary input for the RVE design, the material microstructure
was examined on multiple cross-sections in the y-z, x-z, and x-y planes. The cross-sections
were polished and scanned using an FEI-QUANTA-250-FEG scanning electron microscope;
the results are presented in Figure 4.

   
(a) (b) (c) 

Figure 4. CFRP SEM images: (a) y-z cross-section 1600× magnification, (b) x-z cross-section
800× magnification, and (c) x-y cross-section 800× magnification.
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The acquired images were inspected and, due to the ununiform matrix background, the
images were segmented based on pixel classification using Trainable WEKA segmentation
machine learning algorithms in FIJI as shown in Figure 5. In the classification process,
three sets of categories have been defined: the fibers, matrix, and voids with debris, each
associated with the appropriate pixels. This procedure was conducted on ten randomly
selected areas, while the number of included layers depended on the particular cross-
section.

  
(a) (b) 

  
(c) (d) 

Figure 5. CFRP laminate’s four middle unidirectional layers: (a) SEM image, (b) WEKA classification,
(c) the fiber vs. matrix probability map, and (d) voids and debris probability map.

The Figure 5b shows the classified microstructure after being analyzed based on
pixel recognition using the machine learning algorithms. The coloured regions define
the detected phases after the training sessions and correspond to the constituents: the
fibers, matrix, and voids and debris present within the analyzed material. Furthermore,
the constituent’s volume ratios were identified using the colour threshold adjustment
on multiple randomly selected images from each of the analyzed cross-sections, where
the major contribution to the result was the images containing four middle layers in the
y-z cross-section, as shown in Figure 5. Following the classification algorithm, the fibers
and the ratios of the fibers, matrix, and debris and voids were identified for each of the
selected images from which the average value was acquired and is presented in Table 2.
However, due to the irregularity of the fiber arrangement, the local fiber volume ratio was
measured on ten randomly selected 100 μm × 100 μm zones within the middle four-layer
area, showing consistency with the measured average, while being inconsistent with the
constituents’ volume ratios found in material agglomerations. In contrast to the volume
ratios, the geometrical variable such as the fiber diameter and layer height could have been
measured directly from the acquired images, and additional image refinements were not
necessary for those datasets. As presented in Figure 6, the statistical analysis of the fiber
diameters showed consistency with the normal distribution, while larger data discrepancies
from the normal distribution could be observed in the layer height distribution which is
also indicated by the Anderson–Darling value lower than 0.005.
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Table 2. Volume fraction comparison.

Laminate [13] Filament [85]

Fiber volume ratio 0.536 ± 0.026 0.34 ± 0.002
Matrix volume ratio 0.41 ± 0.02 0.66 ± 0.002

Fiber local ratio 0.568 ± 0.028 1 0.90 2

Fiber diameter, μm 7.00 ± 0.41 7.2 ± 0.30
Layer height, μm 138.22 ± 5.11 /

1 Measurements acquired in multiple randomly selected 100 μm × 100 μm zones; 2 measurements based on
selected fiber agglomerations [85].

 
(a) (b) 

Figure 6. (a) Carbon fiber diameter measurements, and (b) the specimen’s layer height.

The results of the statistical evaluations have been compared with the values published
in the relevant literature, and the differences between the volume ratio acquired from the
sample using microscopy and from the filament using pyrolysis are highlighted in Table 2.
The comparison yielded consistency for the values of fiber diameters, while significant
discrepancies were documented for the total and local fiber volume ratios since different
machines and parameters were used in manufacturing.

Conclusively, despite the microstructural inspection having been proven valid for the
identification of the constituents’ properties, it also disclosed the inconsistent repeatability
of layer thickness in the AM process, which is seldom discussed, but essential for the
performance of fiber-reinforced composite laminates. Despite the comparison with the
relevant data in the literature yielding consistency for the values of the fiber diameters,
significant discrepancies were observed for the total and local fiber volume ratios. These
discrepancies could be influenced by the distinctive machines and parameters used in the
manufacturing process but they were also expected since the microstructural images were
extracted from the laminated specimen [13], instead of the filament presented in [85].

3.2. Experimental Acquisition of Lamina Properties

In order to identify the mechanical properties of AM continuous-fiber-reinforced
composites, experimental studies on transversal and shear behavior have been conducted,
following the guidelines presented in ASTM-D3039 [92] and ASTM-D3518 [93] standards.
The dimensions of each specimen were assessed in multiple cross-sections within the gauge
length using a digital micrometer, and the acquired values for the widths and thicknesses
were averaged and are reported in Table 3. The acquired values were analyzed, showing
inconsistencies in comparison with the CAE data, as presented in Figure 2, caused by the
removal of the support material. Therefore, to represent the manufactured material more
accurately, the measured values were adopted in the numerical analysis.
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Table 3. Dimensions of the additively manufactured specimens.

Length (L), mm Width (W), mm Thickness (t), mm

UD-90 220 26.903 ± 0.154 1.33 ± 0.017
SH-45 220 27.250 ± 0.017 2.30 ± 0.017

The specimens were subjected to uniaxial tensile loads and monitored with both
contact and non-contact strain measurement techniques. During the experimental protocol,
it was confirmed that the behavior of AM UD-90 specimens is highly influenced by the
matrix response and also the fact that these specimens exhibit inferior mechanical properties
in comparison to their injection-moulded counterparts [86]. The material bonding defects
influenced by the fiber/matrix interface and the raster-induced defects of the additive
manufacturing process act as stress concentrators which can be observed in Figure 7 as
localized strains between the deposition paths. Consequently, these effects diminish the
strength and stiffness of the AM materials, and due to their stochastic nature, they cause
material inconsistencies, which is also confirmed by the scatter in the experimental data,
and thus had to be considered in material modelling.

   
(a) (b) (c) (d) 

Figure 7. DIC images of the 50 mm gauge length during the experimental procedure: (a) UD-90
pre-failure, (b) UD-90 at failure, (c) SH-45 at 5% of shear strain, and (d) SH-45 at 5% of axial strain.

Additionally, the SH-45 specimens represent a specific case of multidirectionally
reinforced laminates where the adopted LSS induces multiaxial in-plane shear stress during
uniaxial tension, while, similar to the case of UD-90, multiple strain localizations can
be observed, as shown in Figure 7. In contrast to the UD-90 case, the SH-45 specimens
demonstrated more consistent results up to 2% of shear strain, which is followed by an
increase in data scatter up to 5% of shear strain. The anticipated ductile behavior for
the SH-45 specimens resolves in the fiber rearrangement phenomenon which can lead
to 25% of strain before failure. Since these large strains are not applicable in composite
structures, the ASTM-D3518 standard [93] recommends limiting the observations of the
experimental results at 5% of shear strain, in case the failure does not occur before. The
shear strength in SH-45 specimens was also acquired according to the ASTM standard as the
intersection between the shear stress–strain curve and the 0.2% offset of its shear modulus.
The experimentally acquired data were systematized and prepared for comparison with
the numerical results for each of the RVEs.

3.3. RVE Design

According to the acquired microscopic constituents’ properties, three sets of RVE
models have been developed as presented in Figure 8, where RVE-1 represents a unit cell
containing only one central fiber, while both RVE-2 and RVE-3 contain another fiber which
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is divided into four quarters placed in the RVE corners to ensure better model predictions
using a smaller RVE. Furthermore, to account for the material bonding deficiencies, both
the fiber/matrix and the raster-induced bonding inconsistencies have to be accounted for.
However, since the scale of raster-induced defects exceeded the minimal RVE dimensions,
both the matrix/fiber and the deposition contact deficiencies have been introduced together
at the fiber/matrix interface as a distinctive subdomain.

   
(a) (b) (c) 

Figure 8. (a) Single-fiber unit cell (RVE-1), (b) RVE with rectangular fiber placement (RVE-2), and
(c) RVE with hexagonal fiber placement (RVE-3).

In order to check the significance of the discretization on the numerical results, a mesh
sensitivity analysis was conducted on the RVE-3 case. The models were meshed using
hexahedral elements (C3D8T) with characteristic lengths of 2.5 × 10−4, 3 × 10−4, 4 × 10−4,
and 5 × 10−4, resulting in 1,115,403, 60,860, 53,876, and 33,781 elements, respectively,
returning consistent results within the elastic region, while deviating from the average
values for the post-yielding region in the case of 2.5 × 10−4, as presented in Figure 9.

Figure 9. Comparison between the experimental results and the RVE-3 response for characteristic
element length in the range from 2.5 × 10−4 to 5 × 10−4.

Since the presented discrepancies were less significant than the scatter within the
experimental dataset, the characteristic element length of 4 × 10−4 was adopted for all of
the RVE cases. With the mesh size adopted, and the domains discretized, an automatized
procedure [31] was adopted for enforcing the periodic boundary conditions for transverse
and in-plane shear cases. In order to include the failure analysis of heterogenic materials,
the procedure was modified to use the phase-field model subroutines presented in [46,80].
The necessary mechanical properties for the fiber and matrix materials were adopted from
the literature, while the properties for the interface were fitted according to the experimental
results. The RVEs were analyzed in the ABAQUS CAE environment, with them reaching
convergence in each tested case, and the results are compared with the experimentally
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acquired data as presented in Figure 10, thus showing consistency for the transverse case
and deviations from the experiments in the in-plane shear.

  
(a) (b) 

Figure 10. Comparison between the experimental and the numerical results: (a) transversally loaded
unidirectionally reinforced case, and (b) the in-plane shear case.

According to the data presented in Figure 10, there is a consistency between the
modelled behaviors for the transverse tensile cases regardless of the RVE type. Furthermore,
the model predictions correspond to the experimentally acquired data returning values
within the scatter range. However, when subjected to in-plane shear loads, the RVE-1 and
RVE-2 diverge from both the experimental results and the results acquired for the RVE-3,
underestimating the shear strength and modulus, which in contrast are overestimated by
the RVE-3 response. Furthermore, the resulting contour plots of the damage index are
presented in Figure 11, thus supporting the interfiber damage initiation.

  
(a) (b) (c) 

  
(d) (e) (f) 

Figure 11. Damage evolution in the transverse tensile and shear cases: (a) damage index of 0.5 in
transverse tension, (b) damage index of 0.75 in transverse tension, (c) failure in transverse tension,
(d) damage index of 0.5 in shear, (e) damage index of 0.75 in shear, and (f) failure in shear.

As shown in Figure 11, both RVEs subjected to transverse tensile and shear loads
manifest a damage initiation at the fiber/matrix interface, which is then propagated in the
matrix region, resulting in fracture. Since the fibers within the RVEs are evenly distributed
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by the assumption of the hexagonal array, the crack path is significantly influenced by their
placements. Therefore, to investigate the crack path evolution, a randomly distributed fiber
array should be adopted in further studies. All things considered, it has to be emphasized
that despite the transverse micromechanical behavior being well represented, the in-plane
shear cases do not follow the experimental results after 1% of shear strain and predict a
complete loss of bearing capabilities after exceeding the shear strength calculated according
to the ASTM guidelines, which is not the case in these laminates. Therefore, different
techniques for the experimental identification and modelling of shear behavior in AM-fiber-
reinforced composite materials should be considered.

4. Discussion

In order to predict the behavior of additively manufactured composite materials
based on the material microstructural parameters and the constituents’ arrangements, a
micromechanical modelling approach based on the representative volume element has
been proposed in this work. The microscopic analysis was conducted on the representative
(25 × 25 mm) cross-ply specimens through multiple cross-sections. Despite acquiring a lot
of information on the material microstructure which was validated with the relevant data
from the literature and then implemented in the RVE design, it was not possible to recognize
any of the deposition paths in either of the cross-sections. This could be caused by the fact
that the small specimen size, which is manufactured faster than the previously deposited
layer, could have been completely cooled, resulting in a more homogenous microstructure
without the characteristic triangular void patterns found in large-scale prints. Therefore, a
scale-oriented microstructural inspection should be considered in further studies to address
this issue. Furthermore, the 2D microscopic inspection in multiple cross-sections did not
offer a complete insight into the materials’ microstructure. The reference coordinate system,
the printing direction, and misalignments were difficult to establish without assumptions.
Therefore, a μCT approach should be considered in the future both for the microstructure
and the inspection of failure mechanisms.

In this study, the RVEs were designed assuming various geometrical fiber arrange-
ments with consideration given to the measured fiber volume ratio, while keeping the
RVE surfaces symmetrical to enable periodic mesh generation and the implementation
of the periodic boundary conditions. Such RVEs fulfill both the geometrical and material
periodicity conditions; hence, the fibers complete each other if RVEs’ segments are ar-
ranged together. However, the geometrical arrangement in these RVEs does not reflect the
proper nature of the fiber arrangement found in these materials. Therefore, a statistically
random fiber distribution or an input from the μCT scan should be considered in future
studies. Three distinctive cases of RVEs were developed in the Abaqus CAE environment
based on the results from microscopic inspections. The analysis was conducted using
the phase-field fracture model available as an open-source UMAT subroutine, where the
phase-field balance equation was related to the heat transfer equation readily available
in the Abaqus CAE environment, hence avoiding the necessity for a dedicated UEL. This
ensured the adoption of standard elements and features available in Abaqus and therefore
the application of automatized procedures for enforcing the periodic boundary conditions
for transversal and in-plane shear cases. In this analysis, the linear elastic constituents’
behavior was assumed, while the fracture properties were calculated according to the
available properties for similar materials. Thus, for better insight into the microstructural
behavior, these properties should be measured.

In order to acquire the transversal tensile and in-plane shear mechanical properties of
AM CFRP composites, macroscopic evaluations were conducted on unidirectional, trans-
versely reinforced UD-90 and multidirectionally reinforced SH-45 laminates, respectively.
Both cases were tested uniaxially, where for SH-45, the adopted LSS resolved the uniaxial
tensile stresses into in-plane shear. As anticipated, the transverse behavior was confirmed
to be dominated by the matrix’s mechanical properties; however, the overall material
response was inferior to that of the injection-moulded counterparts found in the literature,
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thus it was attributed to the fiber/matrix interface and the raster-induced defects of the
additive manufacturing process. These effects act as stress concentrators and reduce the
strength and stiffness of the AM materials, which was also confirmed in the scattering
of the experimentally acquired data. These effects were also documented in the SH-45
specimens, which showed 2% divergence from the average before reaching 5% of shear
strain. Therefore, both the fiber/matrix and the raster-induced bonding inconsistencies
had to be accounted for in the material modelling. However, as the scale of raster-induced
defects exceeded the size of the adopted RVEs, both the matrix/fiber and deposition contact
deficiencies were introduced uniformly at the fiber/matrix interface. Since this approach
is not physically consistent, yet based on an assumption, a multiscale representation to
distinguish these effects should be considered in further studies. However, the proper-
ties of the fiber/matrix interface or the material deposition contact need to be acquired
experimentally.

5. Conclusions

Numerical calculations of the transverse tensile and in-plane shear micromechani-
cal behavior of AM CFRP materials based on the material microscopic analysis and the
macroscopic response were presented in this study. The procedures used in material man-
ufacturing and preparation for microscopic inspections were discussed, the positive and
the negative aspects of the adopted approach were presented, and the key features for
acquiring better results in further studies have been highlighted. The RVE design based
on geometrical assumptions and supported by the microstructural measurements was
also discussed, where many benefits of using μCT over microscopy have been presented.
Furthermore, the presented microstructural analysis is based on the proposed analogy
between phase-field fracture and the thermal conductivity differential equations since
it supports the ABAQUS built-in features, thus enabling the development and analysis
of the periodic RVEs using the phase-field fracture theory. This approach simplified the
domain divisions based on the various materials and their interfaces, as well as the load
application and finally the visualization of the acquired result. Furthermore, both the data
scatter and the DIC images confirmed that the inconsistencies in AM CFRP composites
are caused in the contact zones of the deposited material. However, since the scale of
these deficiencies exceeded the size of the proposed RVEs, the effects were introduced
together with the fiber/matrix influence at the constituents’ interface. The negative aspects
of this approach were discussed, and a multiscale approach with experimentally acquired
interface properties was proposed for further study.

All things considered, this study confirmed consistency between the experimental
results and the numerical prediction using the phase-field fracture approach for the trans-
verse tensile behavior of AM CFRP composites. The numerical results were independent
of the RVE type, returning values within the range of the experimental scatter. However,
when analyzing the in-plane shear behavior, RVE-1 and RVE-2 revealed divergence from
both the experimental results and the results acquired for the RVE-3, thus underestimating
the shear strength and modulus of the tested materials. In contrast, RVE-3 overestimated
the mechanical properties in the case of in-plane shear. It was shown that despite the trans-
verse micromechanical behavior being well characterized using this phase-field modelling
approach, the in-plane shear cases do not follow the experimental results after 1% of shear
strain. Furthermore, after exceeding the shear strength calculated according to the ASTM
guidelines, the model predicts a complete specimen failure which does not occur in the
experiments. Therefore, different techniques for experimental identification and modelling
of shear behavior in AM-fiber-reinforced composite materials should be considered in
future work.

Author Contributions: M.G.: writing–original draft, visualization, software, methodology, investiga-
tion, and formal analysis. D.L.: writing—review and editing, supervision, project administration,
and funding acquisition. M.F.: writing—review and editing, supervision, project administration, and

134



J. Compos. Sci. 2023, 7, 38

funding acquisition. A.Ž.: writing—review and editing, validation, resources, methodology, and
investigation. All authors have read and agreed to the published version of the manuscript.

Funding: The research presented in this paper was made possible by the financial support of
Croatian Science Foundation (project No. IP-2019-04-8615) and (project No. IP-2019-04-3607), and the
University of Rijeka (uniri-tehnic-18-139) and (uniri-tehnic-18-34).

Data Availability Statement: Data will be available on request.

Acknowledgments: Special thanks to IB-CADDY d.o.o., the Institute of Metals and Technology (IMT)
in Ljubljana, Slovenia, and the Center for Advanced Computing and Modelling (CNRM) at the
University of Rijeka for their technical assistance in the manufacturing and experimental procedures.

Reprints: Figure 7 was reprinted as detail from Additive Manufacturing, 56, M. Gljušćić, M. Fran-
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Appendix A

A formulation of the phase-field fracture theory reproduced according to [46,80,89].
The strain tensor is calculated based on the displacement field vector u, under the assumption

of small strain sand isothermal conditions, as shown in Equation (A1) [46,80,89].

ε =
1
2

(
∇uT +∇u

)
(A1)

The degree of damage is described with a continuous phase field scalar φ which takes values
between zero and one, regarded as undamaged and fully damaged material, respectively [46,80,89].
The smeared crack approach is used to represent the discrete nature of the cracks, and it is regulated
by a length scale variable l > 0, under the approximation of the fracture energy over a discontinuous
surface Γ; where γ is the crack surface density functional, while the material toughness is given by
Gc, as shown in Equation (A2) [46,80,89].

φ =
∫
Γ

GcdS ≈
∫
Ω

Gcγ(φ,∇φ)dV (A2)

Under the assumption that the phase field depends only on the solution of the displacement
problem, the external traction forces are not included in the calculation of the principle of virtual
work, as shown in Equation (A3).

∫
Ω

{σ : δε + ωδφ+ ξ·δ∇φ}dV ≈
∫

∂Ω

(T·δu)dS (A3)

In the Equation (A3), the Cauchy stress tensor is represented by σ, which is work-conjugate to
the strains represented by ε. The traction T is defined for the outward unit normal n at boundary ∂Ω,
and it is work-conjugate to the displacements u [46,80,89]. The work-conjugate to the phase field φ is
given by ω, while ξ is the micro-stress vector, a work-conjugate to the ∇φ, as the virtual quantity is
given by δ [46,80,89].

In the material domain Ω, the local force balance is calculated according to the expressions given
in Equation (A4), assuming σ·n = T and ξ·n = 0 boundary
conditions on ∂Ω [46,80,89].

∇·σ = 0; ∇·ξ − ω = 0 (A4)

The generalized expression for the potential energy is presented in Equation (A5) [46,80,89],
where the elastic strain and the facture energy densities are given by ψ and ϕ, respectively, and g(φ)
represents the degradation function [46,80,89].

W(ε(u), φ,∇φ) = ψ(ε(u), g(φ) + ϕ(φ,∇φ)) (A5)
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By adopting the degradation function g(φ) and assuming the criteria presented in Equation
(A6) [46,80,89], the value of the potential energy is decreased with the increase in damage in the
material [46,80,89].

g(0) = 1

g(1) = 0

g′(φ) ≤ 0, for φ ∈ [0, 1]

(A6)

According to the presented assumptions, the expression for the fracture energy density is given
in Equation (A7) [46,80,89], where the length scale of the phase field is represented by l, cw is a
scaling constant, and w(φ) is a geometric crack function, as the damage growth is realized with the
stored elastic energy which is characterized by the elastic strain energy density ψ0 in the undamaged
state [46,80,89].

ϕ(φ,∇φ) = Gcγ(φ,∇φ) = Gc
1

4cwl

(
w(φ) + l2|∇φ|2

)
(A7)

In order to prevent the crack development in compression, the fracture driving force is decom-
posed to the active and inactive parts, represented by ψ+

0 and ψ−
0 , respectively [46,80,89], which leads

to the definition of the elastic strain energy density presented in Equation (A8) [46,80,89].

ψ(ε(u), g(φ)) = ψ+
0 (ε(u),φ) + ψ−

0 (ε(u)) = g(φ)ψ+
0 (ε(u)) + ψ−

0 (ε(u)) (A8)

The damage irreversibility is represented as
.
φ ≥ 0, and it is achieved using the history field

variable H which fulfills the Karush–Kuhn–Tucker (KKT) conditions presented in Equation (A8) [46,
80,89].

ψ+
0 −H ≤ 0,

.
H ≥ 0, H(

ψ+
0 −H)

= 0 (A9)

This leads to a history field definition for a specific time referred to as t over a total time given
by τ, as shown in Equation (A10), and the reformulation of the potential energy is shown in Equation
(A11) [46,80,89].

H = maxtε[0,τ]ψ
+
0 (t) (A10)

W = g(φ)H+ Gc
1

4cw

(
1
l

w(φ) + l|∇φ|2
)

(A11)

Scalar micro-stress scalar ω and the micro-stress vector ξ are calculated according to the expres-
sions presented in Equations (A12) and (A13), respectively [46,80,89], which were incorporated into
Equation (A14), and this leads to the phase field evolution law presented in Equation (A15) [46,80,89].

ω =
∂W

∂∇φ
= g

′(φ)H+
Gc

4cw
w′(φ) (A12)

ξ =
∂W

∂∇φ
=

l
2cw

Gc∇φ (A13)

Gc

2cw

(
w′(φ)

2l
− l∇2φ

)
+ g′(φ)H = 0 (A14)

The heat transfer analogy is based on the evolution of the temperature field T in a specific time t
as shown in Equation (A15) [46,80,89], where the thermal conductivity of the material is represented
by k, the specific heat is represented by cp, and the density is represented by ρ [46,80,89].

k∇2T − ρcp
∂T
∂t

= −r (A15)

If steady-state conditions are assumed, the ∂T
∂t reduces to zero, and the expression is simplified

as shown in Equation (A16) [46,80,89].
k∇2T = −r (A16)

In order to correspond with Equation (A16), the phase field evolution law presented in Equation
(A14) can be rearranged as shown in Equation (A17) [46,80,89].

∇2φ =
g′(φ)H

lGc
+

w′(φ)
2l2 (A17)

According to [46,80,89], this analogy can be adopted considering the equivalence between the
temperature and the phase field (T = φ) assuming the thermal conductivity is equal to one (k = 1)
and by defining the heat flux according to the internal heat generation, as shown in Equation (A18),
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while in order to compute the Jacobian matrix, the heat flux rate of change is defined according to
Equation (A19).

r =
g′(φ)2Hcw

lGc
− w′(φ)

2l2 (A18)

∂r
∂φ

=
g′′(φ)2Hcw

lGc
− w′′(φ)

2l2 (A19)

Since the total potential energy is minimized according to the displacement field u and phase
field Φ, while Φ is being solved at the finite element nodes such as a damage variable at the finite
element node instead of at the integration point as in the case of local damage models, the calculation
would require the user-defined element (UEL) before the implementation of the user-defined material
model (UMAT). However, since this approach uses the heat transfer analogy, the UMAT subroutine
can be run without the necessity for the user-defined element.

Steps for the implementation of the subroutine [89]:

• Define the user material with five material properties including the Young’s modulus E, Pois-
son’s ratio ν, phase field length scale l, fracture toughness Gc, and the tensile strength ft which
is applicable for the phase field cohesive zone models, while otherwise neglected

• Set a solution-dependent state variable (SDV)
• Define the material conductivity equal to one
• State the analysis step as coupled temperature-displacement with steady-state or transient

options, a constant increment size, a separated solution technique, and symmetric equation
solver matrix storage

• Change the values of the solution controls parameters I0, IR, IP, IC, IL, and IG to 5000, to avoid
convergence problems due to large number of iterations

• Define the initial temperature condition equal to zero to describe the undamaged material in the
initial step

• Adopt the element type as coupled temperature–displacement
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Abstract: Carbon fiber (CF) reinforced composites are widely used due to their excellent properties.
However, the smooth surface and few functional groups of CFs can lead to fiber fractures and pullout,
which reduce the service life of the composites. The overall performance of composites can be
improved by growing carbon nanotubes (CNTs) on the CF surface. Before this, CF surface should
be modified to enhance the loading amount of catalyst particles and thus make the CNTs more
uniform. In this paper, CNTs were grown on a CF surface by one-step chemical vapor deposition
to prepare multi-scale CNTs/CF reinforcements, and the effects of different methods on the CF
surface modification were explored. After setting four intensities of electrochemical anodic oxidation,
i.e., 50 C/g, 100 C/g, 150 C/g and 200 C/g, it was found that the distribution and quantity of CNTs
were improved under both the 100 C/g and 150 C/g conditions. Considering the influence of
electrical intensity on the (002) interplanar spacing of CFs, which affects the mechanical properties of
the samples, 100 C/g was finally selected as the optimal electrochemical treatment intensity. This
finding provides a reference for continuous and large-scale modification of CF surfaces to prepare
CNTs/CF multi-scale reinforcements.

Keywords: carbon nanotube; carbon fiber; surface modification; electrochemical anodic oxidation

1. Introduction

Carbon fiber (CF) has excellent properties, including high tensile strength, high ten-
sile modulus, good compressive strength, low density, and excellent electrical and ther-
mal/chemical resistance [1]. CF reinforced polymer composites have been widely used in
aerospace, military industry, transportation, leisure and sports, and other fields [2–4]. These
composite materials are made of resin and CFs by laminating and pressing under high
temperature and pressure. Resin, as a continuous phase, and CFs, as a discontinuous phase,
both contribute to the overall performance of the composite materials [5]. However, the con-
tribution of the resin matrix to the overall performance of the composite materials is limited
and cannot be easily improved. Therefore, the improvement of the strength of composite
materials mainly depends on the performance of the interface between the resin and fibers,
and enhancements of interface performance are usually achieved by the surface modifica-
tion of CFs [6–8]. Common CF surface modification treatment methods include the chemical
grafting method [9,10], chemical vapor deposition (CVD) method [11–13], etc. Among
them, the method of in situ growth of CNTs on the surface of CFs by CVD has received a
great deal of attention. This method has the advantages of adjustable process parameters,
controllable growth of CNTs, economical-growth equipment, etc. [14–17]. Moreover, as a

J. Compos. Sci. 2022, 6, 395. https://doi.org/10.3390/jcs6120395 https://www.mdpi.com/journal/jcs141



J. Compos. Sci. 2022, 6, 395

nanomaterial, CNTs have a special one-dimensional tubular structure, and their mechanical
properties, electrical and thermal conductivity, are marvelous [18,19]. Therefore, growing
CNTs on the CF surface to prepare CNTs/CF multi-scale reinforcements can introduce the
excellent properties of CNTs into CF reinforced composites, resulting in a good reinforce-
ment effect [20–23]. Ideal CNTs/CF multi-scale reinforcements need to uniformly grow
a layer of CNTs on the surface of CFs. The question of whether catalyst particles, as the
“seeds” for growing CNTs, can achieve firm attachment and uniform distribution is crucial
in obtaining high-performance samples [24]. Nevertheless, as an industrialized product,
CF has undergone pre-oxidation and medium-high temperature carbonization treatment.
The surface is composed of an ordered, six-membered ring graphite sheet structure with
almost no active functional groups. The surface is smooth and chemically stable [25,26],
which prevents the attachment of a catalyst precursor and gives rise to the phenomenon
of uneven distribution or agglomeration and deactivation of catalyst particles. Hence,
the surface of CFs must be modified to make it easier to attach a catalyst precursor in
order to ensure the uniform growth of CNTs. Common surface treatment methods for
CFs include electrochemical anodic oxidation (EAO) [27–29], plasma treatment [30,31],
liquid oxidation [32], etc. Among these, EAO and the liquid oxidation methods have
simple operation processes and low economic cost and are worthy of in-depth research
and development [27–29,32]. In particular, since CF has good chemical stability in various
aqueous electrolytes and excellent electric conductivity, EAO can be used as an ideal surface
modification approach to treat continuous fibers [33]. Additionally, many parameters can
be adjusted during EAO, such as current, potential, and electrolyte composition [33,34].
Moreover, the treatment process of EAO is relatively mild and will not cause significant
damage to the fiber surface [35]. Generally speaking, EAO includes two processes: anodic
oxidation and cathodic reduction. The input electric energy is converted into chemical
energy, and water is decomposed into strong oxidants at the anode to etch the surface of
CFs, causing changes in surface functional groups and roughness [36,37].

In this study, the effects of EAO and liquid oxidation on the surface modification of
CFs were compared. The EAO process was determined to be the most suitable method for
the production of CNTs/CF multi-scale reinforcements. The process was then optimized
by adjusting the electrical intensity.

2. Materials and Methods

2.1. Materials

PAN-based CFs (T-700-12k) were provided by Toray Co. Ltd., Tokyo, Japan. Nitric acid
(HNO3, 68%), hydrogen peroxide (H2O2, 30%), ethanol (C2H5OH, 99.7%), and ammonium
dihydrogen phosphate (NH4H2PO4, 99%) were purchased from Sinopharm Co. Ltd.,
Shanghai, China. Nickel nitrate (Ni(NO3)2·6H2O, 99.9%) was supplied by Aladdin Reagent
Co. Ltd., Shanghai, China. N2, H2 and C2H2 were purchased from Jinan Gas Factory, Jinan,
China. Deionized water was self-made in the laboratory.

2.2. Preparation of CNTs/CF Multi-Scale Reinforcements

The surface of the finished CFs adheres to the sizing agent. The CFs need to be placed
in a vertical CVD furnace in advance and kept at 450 ◦C for 1.5 h in N2 atmosphere. After
removing the sizing agent on the surface of CFs, the desized CFs are obtained.

The surface modification treatments of desized CFs were carried out by HNO3 treat-
ment, H2O2 oxidation, and EAO, respectively.

• As for HNO3 treatment, the desized CFs were fully immersed in a solution tank filled
with HNO3 aqueous solution (10 wt%), which kept in a 60 ◦C oven for 1 h.

• With regard to H2O2 oxidation, we fully submerged the desized CFs into a solution
tank filled with H2O2 aqueous solution (30 wt%) and kept them in a 60 ◦C oven for
1.5 h.

• Regarding EAO, this study adopted a laboratory-made EAO treatment device, as
shown in Figure 1a. The desized CFs entered the electrolytic tank through the guide
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roller, and the electrolyte was an aqueous solution of NH4H2PO4 (5 wt%). The two
variables affecting the etching degree of the CF surface, i.e., the wire speed and the
electrolytic intensity, were integrated into the electrical intensity per unit mass of CFs
in order to quantify the intensity of the EAO treatment.

 

Figure 1. (a) EAO device, (b) Schematic diagram of CNTs grown on the CF surface.

Using the solution impregnation method, the catalyst solution was a 0.05 M Ni(NO3)2
alcohol solution. We then put the CFs in a drying oven at 70 ◦C. A one-step method was
used to grow CNTs on the CF surface. The dried CFs were then placed into a vertical CVD
furnace, which was heated to a reduction temperature of 450 ◦C, and H2 was introduced to
reduce the catalyst precursor to elemental Ni, before being adjusted to 550 ◦C. Additionally,
0.3 L/min H2, 0.6 L/min N2, and 0.3 L/min C2H2 were injected and kept for a long enough
time to make CNTs grow on the surface of CFs. The CVD process in this device was kept
in a quasi-vacuum state and a N2 atmosphere. Figure 1b is a schematic diagram of the
process, from CF surface modification treatment to the final growth of the CNTs.

2.3. Characterization

The morphological characteristics of CNTs/CF multi-scale reinforcement samples
under different conditions were observed by scanning electron microscope (SEM, SU-
70). After the surface modification treatment, the chemical composition and content of CF
surface were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
250). Changes in the crystal structure of the samples were tested by X-ray diffraction (XRD,
Rigaku D/max-RC).

The single-filament tensile strength of the prepared samples was tested according to
ASTM D3822-07 standard. At least 40 CF filaments were prepared for each sample, and
the average value was taken as the single-filament tensile strength of a single sample after
testing in sequence.
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3. Results and Discussion

3.1. Effect of Surface Modification on CF Surface Morphology

Figure 2 shows SEM images of the samples with different surface modification treat-
ments, the surfaces after growing CNTs, and a structure diagram of CNTs/CF multi-scale
reinforcements. It can be seen from Figure 2a,b that the surfaces of the desized CFs were
very smooth and that CNTs had grown on the surface after the CVD process. However, the
distribution was extremely uneven. Many CFs were not covered with CNTs to expose the
smooth surface, and a large number of impurities and clustered CNTs appeared in the gaps
between adjacent CFs. This was because the unmodified CF surface could not attract the
catalyst precursor particles in solution effectively, meaning that it was left in the gaps. In
this case, the catalyst precursor remaining after the volatilization of anhydrous ethanol was
prone to agglomeration to form coarse catalyst particles during reduction. Additionally,
local aggregations of CNTs formed during the catalysis process, and the catalyst particles
that were too large lost their activity. In contrast, in Figure 2c–h, it can be seen that the
surface of samples underwent slight changes after the modification treatment. This was
due to the surface of CFs being oxidized and etched to make an unstable and disordered
turbostratic graphite structure which fell off, leaving an indentation [38]. In comparison,
the grooves on the surface of CFs treated with HNO3 solution were too thin and shallow.
Additionally, the inconspicuous grooves made a limited contribution to the adhesion of
the catalyst particles, the distribution was not uniform, and there were point defects on
the surface. The surface of EAO-treated samples had a relatively obvious groove structure,
which was evenly distributed, and the groove morphology was better than those of the
other two methods. The obvious groove morphology showed that its width and depth
were large. Such a structure can effectively provide a “landing field” for precursor particles.
The effect of H2O2 treatment was somewhere in between. The morphology images of the
grown CNTs also effectively reflect the role of the grooves. Compared with the desized
CFs, the growth quantity of CNTs in the H2O2-treated sample was not significantly in-
creased, and the distribution uniformity was slightly improved. The number of CNTs in
the HNO3-treated sample was significantly increased, but the CNTs only grew on half of
the sides of CF, presumably because the CFs were not under tension during the immersion
modification treatment, and some CF surfaces were not fully etched by lamination. The
effect of CNTs/CF obtained by EAO treatment was most satisfactory; the CNTs were evenly
distributed and the density was appropriate.

The growth mechanism of CNTs on the CF surface is shown in Figure 2i. Firstly, the
catalyst particles attached to the modified CF surface, and then the activated carbon atoms
formed by the cracking of the carbon source gas diffused through the interior or surface of
the catalyst particles. Finally, after being closely connected with the CF surface through
chemical bonds, the remaining activated carbon atoms gathered together to grow hollow
CNTs in a “top growth” mode. CFs, CNTs connected with them, and catalyst particles
together constitute CNTs/CF multi-scale reinforcements.

3.2. Effect of Surface Modification on Single-Filament Tensile Strength

During the preparation of CNTs/CF multi-scale reinforcements, CFs will be damaged
to different degrees, which will affect the mechanical properties of the material. The CF
surface modification pretreatment process essentially destroys the surface structure of CFs
and etches the trench structure. As such, the decrease in strength should be minimized
while achieving a certain effect. The modified CFs obtained by different treatment methods
were used for a single-filament tensile test; the results are shown in Figure 3.
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Figure 2. Surface morphology of (a,b) desized CFs and CFs pretreated with (c,d) HNO3, (e,f) EAO,
(g,h) H2O2 surface modification and CNTs grown on modified CFs, and (i) Structure diagram of
CNTs/CF multi-scale reinforcements.
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Figure 3. Single-filament tensile strength of CFs obtained using different surface pretreatment
methods. (The dotted line in the figure indicates we set 4 GPa as the reference.)

The single-filament tensile strength of desized CFs was about 4.27 GPa. After modifi-
cation, the single-filament tensile strength of each sample was reduced to varying degrees.
The strength after HNO3 treatment was 3.86 GPa, and that after H2O2 treatment was
4.06 GPa. Significantly, the strength after EAO treatment was 4.10 GPa, which shows that
the etching on the CF surface after pretreatment with H2O2 and EAO treatment is relatively
mild, while the oxidation reaction of HNO3 treatment is severe, so the graphite microcrys-
tals on the surface of CFs were significantly damaged, and the strength decreased by up to
9.6%.

By comprehensively comparing the three treatment methods, it was found that EAO
treatment has great advantages. It has an obvious effect on promoting the growth of CNTs,
the degree of strength reduction is acceptable, the improvement and optimization space is
large, the treatment time is short, a large number of samples can be processed continuously,
and the risk and economic cost are low. Therefore, EAO was selected as the pretreatment
method of the CF surface and the optimization of its process conditions were explored.

3.3. Effect of EAO Treatment on Surface Chemical Composition of CFs

The electrochemical pretreatment method includes two processes: anodic oxidation
and cathodic reduction. The input electrical energy is converted into chemical energy,
and water is decomposed at the anode to generate strong oxidants to etch the CF surface,
resulting in changes in chemical elements and functional groups on the surface of CFs.
Qualitative and quantitative analyses were carried out by XPS tests. Table 1 shows the
changes in the elemental composition of C, O, and N on the surface of CFs before and after
EAO treatment.

Table 1. Main elemental contents of CFs before and after EAO treatment.

Main Element Desized (At%) EAO (At%)

C 92.36 63.52
O 7.64 33.83
N 0 2.65

Comparing the two samples, the elemental composition of the CF surface changed
significantly after EAO treatment; notably, the oxygen content increased from 7.64% before
EAO treatment to 33.83%. The desized CFs underwent high-temperature carbonization

146



J. Compos. Sci. 2022, 6, 395

treatment, and the nitrogen-containing functional groups on the surface were removed.
After electrolysis, 2.65% nitrogen appeared on the surface of the CFs. This was due to
the reaction of NH4H2PO4 with CFs under the action of an electrical field, introducing
nitrogen-containing functional groups into the CF surface.

3.4. Optimization of Process Parameters of EAO

EAO treatment also has two sides. On the one hand, it provides the conditions
for CFs to attach catalyst precursor particles, while on the other, it causes damage and
reduces the mechanical strength of CFs. In order to achieve a more balanced effect, samples
with four parameters, i.e., 50 C/g, 100 C/g, 150 C/g and 200 C/g, were created for a
comparative analysis. Figure 4 shows SEM images of the sample surface treated with
different electrochemical intensities. It can be seen that when the intensity was 50 C/g,
heavy magnification was necessary to observe the fine grooves. With the increase of
intensity, the number of grooves on the CF surface gradually increased, as did the depth
and width of the groove structure and the adsorption capacity for catalyst precursor;
however, the excessive etching intensity penetrated deep into the body structure of CFs to
cause a loss of mechanical properties.

 
Figure 4. SEM images of CF surface treated with different EAO intensities. (a) 50 C/g, (b) 100 C/g,
(c) 150 C/g, (d) 200 C/g.

Figure 5 presents images of CNTs grown on a CF surface treated with different EAO
intensities at 550 ◦C. It can be seen that under the condition of 50 C/g, the number of
CNTs was sparse and the distribution was uneven. Additionally, the surface of some CFs
was smooth, without growing CNTs. The insufficient attracting ability of the precursor
particles led to the aggregation of the precursor particles in the gaps between adjacent CFs
to form larger-sized particles, so coarse carbon nanofibers emerged at the same position
after the CVD process. Under the conditions of 100 C/g and 150 C/g electrochemical
treatment intensity, the surface of CFs could be coated with a uniform layer of CNTs,
and the surface morphology of the two was not much different. Under the condition
of 200 C/g, the distribution of CNTs was too dense, and some parts demonstrated the
phenomenon of clustering. This was due to the fact that the trenches obtained by high-
intensity electrochemical oxidation etching were too deep, and the catalyst precursor
easily aggregated, which was not conducive to the growth of CNTs. Therefore, when the
EAO treatment intensities were 100 C/g and 150 C/g, the morphology of the CNTs/CF
multi-scale reinforcements was optimal.
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Figure 5. Surface morphology of CFs with CNTs treated with different EAO intensities. (a) 50 C/g,
(b) 100 C/g, (c) 150 C/g, (d) 200 C/g.

Figure 6a shows the tensile strength of each sample after treatment with different
electrical intensities. Compared with the value of 4.27 GPa for the desized sample, the
tensile strength under the condition of 50 C/g was 4.16 GPa, i.e., a decrease of 2.57%.
Additionally, corrosion occurred at this time. However, the oxidative damage to the CFs
was not large. The tensile strength was 4.10 GPa at 100 C/g, a decrease of 3.98%. As the
treatment intensity increased, the mechanical properties of the CFs continued to decline;
the tensile strength at 150 C/g was 3.95 GPa. Under the condition of 200 C/g, the tensile
strength was 3.86 GPa, marking a decrease of nearly 10%. At this time, the CFs were
seriously damaged. During the electrochemical treatment process, the oxidation etching
penetrated into the interior of the CFs, and the etching caused by the aggregation of catalyst
particles exacerbated the strength loss.

Figure 6. Cont.
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Figure 6. (a) Single-filament tensile strength (The dotted line in the figure indicates we set 4 GPa as
the reference.) and (b) XRD curve of desized CFs and CFs treated with different EAO intensities.

It can be seen from the XPS test that the EAO treatment added functional groups
containing O and N elements to the surface of CFs. These active functional groups con-
tributed to the loading of catalyst precursor particles. These changes are reflected in the
structure of the surface graphite crystallites. Figure 6b demonstrates the XRD patterns of
the desized CFs and CFs with different electrochemical treatment intensities. It can be seen
that each sample had a wide diffraction peak around 2θ = 25.6◦, which is the characteristic
diffraction peak of the (002) crystal plane of the CF surface through data comparison; the
more complete the graphite turbostratic structure, the sharper the peak shape. Compared
with the desized CFs, the peak shapes of the treated samples were broadened, indicating
that the graphite structure was damaged to different degrees.

The microcrystalline structure of the (002) crystal plane of each sample was analyzed,
and the parameters are illustrated in Table 2. Taking 3.354 Å as the ideal spacing of the
standard graphite (002) crystal plane as the benchmark, the distance between the (002)
crystal planes of each sample was closer to this value, indicating that the CF surface
was less damaged and the degree of graphitization was high. The surface of CF itself
had small defects, and the high temperature process of desizing damaged the surface
structures of the CFs, which were different from the standard values. After electrochemical
treatment, the interplanar spacing of all samples was larger than that of the desized fibers,
indicating that the oxidation reaction changed the microcrystalline structure of the CF
surface. Additionally, with the increase of the electrical intensity, the d(002) of the CF surface
increased, the graphite sheet structure became increasingly loose, and the mechanical
properties of the fibers decreased to a greater extent; this was also related to the tensile
strength of the single-filament. The test results were consistent with these observations.

Table 2. Microstructure parameters of the (002) crystal plane of desized CFs and CFs treated with
different EAO intensities.

Sample 2θ (◦) d(002) (Å)

Desized 25.693 3.465
50 C/g 25.537 3.490

100 C/g 25.236 3.504
150 C/g 25.429 3.496
200 C/g 25.512 3.533
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4. Conclusions

CF surface pretreatment is an indispensable step before the CVD process. A H2O2
solution has a limited etching effect on the surface modification of CFs and cannot effectively
increase the number of CNTs grown. A HNO3 solution can effectively oxidize and etch
graphite microcrystals, forming a groove structure on the surface of CFs; however, the
reaction is violent, and the fiber is significantly damaged. Using the EAO processing
equipment designed to oxidize and etch the surface of CFs can effectively increase the
adhesion rate of the catalyst precursor, which increases the quantity of CNTs grown and
significantly improves the surface morphology of CNTs/CF multi-scale reinforcements.
After electrochemical treatment, the single-filament tensile strengths of 50 C/g, 100 C/g,
150 C/g, and 200 C/g samples decreased by 2.57%, 3.98%, 7.49%, and 9.60% respectively,
compared with the desized CFs. The EAO method uses an oxidation reaction to etch the
graphite microcrystalline structure on the surface of CFs; the higher the electrical intensity,
the larger the (002) interplanar spacing of the CFs. EAO is appropriate for the pretreatment
of CFs before the CVD process, which can effectively improve the loading quantity and
distribution uniformity of catalyst precursor particles.
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Abstract: The present research is aimed at the study of the failure analysis of composite panels
impacted orthogonally at a high velocity and with an angle. Woven carbon-fibre panels with and
without external Kevlar layers were impacted at different energy levels between 1.2 and 39.9 J. Sharp
and smooth gravels with a mass from 3.1 to 6.7 g were used to investigate the effects of the mass and
the contact area on the damage. Optical microscopy and thermography analyses were carried out to
identify internal and surface damage. It was identified that sharp impactors created more damage on
the impacted face of the panels, while the presence of a Kevlar layer increased the penetration limit
and reduced the damage level in the panel at a higher energy.
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1. Introduction

Composite materials are widely used in automotives and motorsports, as their design
flexibility and mechanical properties enable the advanced light weighting needed to achieve
high competitiveness. However, composites do not tolerate impact damage due to their
limited ductility and significant sensitivity to the strain rate. Small flying objects can
damage the aerodynamic surfaces of racing cars, thus greatly influencing their performance
and the safety of the driver. The FIA regulates the size and shape of the gravel on every
circuit, resulting, in most cases, in either spherical or river-washed stones (from 5 to 15 mm
in diameter).

Four different types of impact can be defined depending on the velocity achieved by
the impactor [1], namely: low-velocity impacts (LVIs) below 11 m/s, high-velocity impacts
(HVIs) below 500 m/s, ballistic impacts below 2000 m/s, and hypervelocity impacts above
2000 m/s. The main difference in the structural response among these types of impacts is the
deformation induced, since the higher the velocity is, the more localized the effect will be,
with a high shear compared to bending for low-velocity impacts. LVIs are dominated by the
global response of the panel, and HVIs are dominated by the local response (Figure 1) [2,3].

Figure 1. Comparison of high- and low-velocity impact responses (adapted from [4]).
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The limit between low- and high-velocity impacts is very difficult to identify, as it
will depend on the shape and geometry of the impactor, the target characteristics, and
external factors, such as temperature [5]. However, in a low-velocity impact, the duration
of the contact time allows elastic waves to propagate through a large portion of the target,
resulting in a global response dominated by elastic strain energy that is mainly stored in the
yarns [6]. These are also responsible for the propagation of elastic waves through impacted
composite panels. The damage sequence is a combination of matrix cracking and fibre
fracture with delamination that involves several layers depending on the energy level and
the stiffness of the panel. Failure modes and energy absorption are also greatly affected by
the target’s size and boundary conditions [7].

Under a high-velocity impact, most of the available energy is dissipated over a small
volume close to the impact point. Stress waves propagate through the thickness of the target
within a short time, causing localized damages [8]. The damage sequence is characterized
by transverse shear cracks that occur at an angle of approximately 45◦ and close to the
impact area, as well as cracks due to bending that occur on the back layer [3]. With the
increase in the plate thickness, the impact velocity, and the bluntness of the projectile, shear
plugging becomes a likely failure mode of the final perforation of a plate. A hole is then
created, and friction will be responsible for the dissipation of part of the energy while the
projectile penetrates the plate [9,10] (Figure 1).

The factors affecting the size and morphology of the damage under low- and high-
velocity impacts are tensile strength, strain at failure, and density, as these are related
to the wave speed and the propagation of energy [11]. Woven fabrics provide better
interlaminar fracture toughness than that of unidirectional ones, resulting in less damage,
as the delamination is reduced. However, the in-plane properties of woven composites are
affected by the fibre architecture, and 3D composites have thorough thickness reinforcement,
which allows to them provide excellent in-plane and transverse properties.

The effect of the resin on the type and shape of damage depends on the toughness
and strength of the resin. Thermoplastic resins possess a greater toughness and strain
to failure than thermoset. Béland [12] studied the performance of thermoplastics and
thermoset resins, focussing on their toughness, indentation due to fibre breakage, and
matrix plasticisation, which improved the Mode-I fracture toughness and, thus, crack
propagation. Thermoplastics provide a better stress distribution along the fibres, improving
fibre bonding. Vieille et al. [13] compared polyether ether ketone (PEEK) and polyphenylene
sulphide (PPS) with epoxy resins to study the effect of the matrix on the delamination
of woven carbon-fibre laminates under impacts and observed that the two thermoplastic
resins improved the delamination resistance thanks to the fibre bridging.

Lopes et al. [14] observed that limiting the orientation angle between two consecutive
plies greatly improved damage tolerance. York [15] studied different lay-up configurations
and observed that anti-symmetric laminates provided the best damage tolerance, and
symmetric ones provide the worst behaviour. Dorey [16] reported that composites with
+/−45◦ surface layers provided higher impact resistance and compressive residual strength
with respect to those with 0◦ surface plies. This was attributed to the higher flexibility of
the composite, which improved its ability to absorb elastic energy [8].

Park and Jang [17] studied the influence of the stacking sequence on the low-velocity
impact response of hybrid aramid–glass laminates. They reported that the placement of
aramid plies at the outer surface of a carbon-fibre laminate increased the impact resistance
because the fibres with a high strain to failure on the outer side could undergo greater
deformation [8].

The thickness of the target and its in-plane dimensions dictate the bending stiffness,
the magnitude of the maximum contact force, and the induced damages. Flexible targets
are mainly influenced by bending, which causes tensile stress in the ply that is exposed
to the impact, and matrix cracks and, thus, delamination are developed. This leads to the
reverse-pine-tree damage. For stiffer targets, the high-stress region is located directly where
the impact takes place (the pine tree) [18]. According to Gellert [19], the energy absorption

154



J. Compos. Sci. 2022, 6, 282

in thin-glass-fibre-reinforced targets is largely independent of the geometry of the projectile
nose, and thicker composites are more ballistically efficient, as they improve indentation,
which is a significant mechanism of energy absorption. At a small span-to-thickness ratio
and low velocity, a high stiffness, a large peak force, and a short duration occur; thus,
delamination is more likely to occur. At a high velocity, the short contact duration of the
event reduces the effect of the span-to-thickness ratio [12].

Icten et al. [20] found that decreasing the diameter of the impactor results in a decrease
in the impact resistance at the same energy. The most common shapes are spherical,
cylindrical, flat, and diamond-shaped. Sevkat et al. [21] found that the contact duration
and peak force are modified by the shape of the impactor, with a large contact area creating
the highest force.

Blunt projectiles cause failure through shear plugging, while conical projectiles cause
petalling in thin plates. Ductile hole enlargement is observed in thick plates, and hemi-
spherical projectiles cause tensile stretching after a huge indentation of the target plate.
During high velocity impacts, ballistic limit of blunt projectile is lower than hemispherical
and conical ones [22]. Conical projectiles induce a greater local and global energy [9].
Mitrevski et al. [5] concluded that blunt hemispherical impactors produce more damages
than conical and ogival ones in low-velocity impacts, whilst Lee et al. [23] reported that flat
and hemispherical impactors produce similar responses.

The mass of the projectile will influence the energy absorption mechanisms of the
target. Small masses cause limited damage at low velocity and greater localised damages
at high velocity because an increase in mass will induce a shift from global to local in the
failure mechanisms. Small masses cause through-thickness waves, intermediate masses
involve shear and flexural waves, and large masses involve a quasi-static response [1].

Fibre hybridisation has been reported to improve impact response when used in
combination with a given lay-up. Hazell et al. [24] performed high-velocity tests and
compared the effects of adding Kevlar layers in different places. When penetration occurred,
placing the layer on the face that was directly impacted was the least effective solution.
Gustin et al. [25] used Kevlar for low-velocity impacts and observed a 10% increase in
absorbed energy.

The current literature reviewed for this work deals with the ballistic limit and internal
damages produced during high-velocity impacts. There is very little related to the impact
response of composite panels under inclined im-pact with incident angle close to 0◦ or 180◦
degree. The experimental data were collected at energy levels below those corresponding
to the ballistic limit of the composite panel. This characterization is aimed at the definition
of damage mechanisms in order to be able to devise systems (including coatings) that can
be used to protect surfaces and reduce damages.

Thus, in this work, hybrid composite plates made with woven carbon and Kevlar
fabrics were tested with a gas gun that used gravel with smooth and sharp surfaces
at different incident angles. Then, the damaged surfaces were analysed with optical
microscopy and thermal imaging to correlate the surface damages, energy levels, and
gravel shapes.

2. Materials and Methods

In order to study the effects of high-velocity impacts on carbon-fibre-reinforced poly-
mers (CFRPs) and a hybrid configuration with an external layer of Kevlar, the first step was
to perform experimental tests with a wide range of impact velocities at two different impact
angles of 0◦and 88◦. The composite laminates used in this study were manufactured at
Cranfield University using pre-impregnated 5HS CFRP supplied by Cytec, which consisted
of 5HS woven carbon 3K Toray T1000 fibres and MTM49 toughened epoxy [24] with a resin
weight of 42%. The 5HS CFRP material had an areal density of 283 g/m2, a nominal ply
cure thickness of 0.35 mm, and the mechanical properties listed in Table 1. The curing cycle
(pressure and temperature) followed the datasheet [24].
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Table 1. Mechanical properties of MTM49-3-42%-3KFT300B40B-5H-283-1000.

Mechanical Properties Results

0◦ Tensile strength (MPa) 1065
0◦ Tensile modulus (GPa) 44.6
90◦ Tensile strength (MPa) 1035
90◦ Tensile modulus (GPa) 42.8
0◦ Compressive strength (MPa) 640
0◦ Compressive modulus (GPa) 59
90◦ Compressive strength (MPa) 610
90◦ Compressive modulus (GPa) 57
In-plane shear strength (MPa) 108
In-plane shear modulus (GPa) 2.5
0◦ Interlaminar shear strength (MPa) 64.2

Ten samples were made from carbon fibre (CF) with three layers that were 0.35 mm
thick each, and the other four samples were made with carbon fibre with three layers that
were 0.35 mm thick each plus one layer of Kevlar that was 0.35 mm thick. All specimens
were cured for 90 min at 135 ◦C in an autoclave oven. The test samples were cut into plates
with dimensions of 150 × 100 mm with different thicknesses. Table 2 summarises details of
the panels and lay-ups.

Table 2. Panel lay-up configuration.

Specimen Number Panel Thickness (mm) Number of Layers Type of Fibre

1, 2, 3, 4
13, 14, 15, 16,17, 18 1.05 3 CF

5, 6, 7, 8
9, 10, 11, 12 1.40 4 CF + kevlar

2.1. Impact Testing

The impact testing was conducted using a single-stage light gas gun (Figure 2), which
used compressed air to propel the projectiles. The gas gun consisted of a 1.75-m-long
smooth-bore barrel with a calibre of 22 mm. Gravel was used as a projectile; this was
saboted to enable the firing of sub-calibre sizes and loaded into the gun at the breech end.
The breech was then sealed and the was gun charged with the correct pressure to produce
the velocity required. The velocity was measured via a set of infrared LEDs and receivers,
and the time between them was recorded on an oscilloscope. The gun was fired remotely
via an electronic solenoid. A Phantom V1212 high-speed camera operating at 10,000 frames
per second was used to record the impact and assess the residual velocity.

The composite panels were held in an aluminium-frame-type fixture, as shown in
Figure 3. This fixture had a 130 × 80 mm rectangular opening. The two frames were held
together using eight hex-head cap-screw alloy steel bolts to restrain out-of-plane motion
and rotation. These held the panel in place without any gaps. All impacts were targeted
toward the centre of the frame.

Two types of projectiles were used—projectiles with smooth and sharp surfaces—
with different masses. Before the test, each projectile was weighed, and the major and
minor dimensions were measured. The gravel was fired with the help of a sabot made
of Styrofoam LB-X with a density of 33 kg/m3. A summary of all of the tests conducted,
including the panels, gravel weights, types, impact speeds, and energies, is presented in
Table 3.
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Figure 2. Picture of the setup for the gas gun and chamber.

Figure 3. (a) Image of the holding of the sample for gas gun testing and (b) representation of the
frame and panel layers.

Table 3. Summary of the impact tests conducted and their details (“p”: full penetration of the panel).

Sample
Number

Panel
Materials

Projectile
Type

Angle of
Impact

Projectile
Weight (g)

Impact
Velocity

(m/s)

Energy
(J)

1 CF Sharp 28.5◦ 5.12 38.4 3.1

2 (p) CF Sharp 28.5◦ 6.12 76.9 15.4

3 CF Smooth 28.5◦ 5.32 35.0 2.7

4 (p) CF Smooth 28.5◦ 5.82 68.9 11.6

5 CF + Kevlar Sharp 28.5◦ 6.40 29.4 2.8

6 CF + Kevlar Sharp 28.5◦ 4.70 29.4 2.0

157



J. Compos. Sci. 2022, 6, 282

Table 3. Cont.

Sample
Number

Panel
Materials

Projectile
Type

Angle of
Impact

Projectile
Weight (g)

Impact
Velocity

(m/s)

Energy
(J)

6 CF + Kevlar Sharp 28.5◦ 5.62 57.1 7.7

7 CF + Kevlar Smooth 28.5◦ 4.80 37.7 3.4

8 CF + Kevlar Smooth 28.5◦ 6.09 58.8 8.9

9 CF + Kevlar Smooth 90◦ 4.20 24.2 1.2

10 CF + Kevlar Smooth 90◦ 4.70 76.9 13.9

11 CF + Kevlar Sharp 90◦ 5.60 18.3 0.9

11 CF + Kevlar Sharp 90◦ 5.60 44.4 5.5

12 CF + Kevlar Sharp 90◦ 4.70 74.0 12.9

13 CF Sharp 90◦ 3.10 37.7 2.2

14 CF Sharp 90◦ 4.10 71.0 10.3

14 CF Sharp 90◦ 6.60 45.8 6.9

14(p) CF Sharp 90◦ 6.60 102.5 34.7

15 CF Smooth 90◦ 2.90 37.4 2.0

16 CF Smooth 90◦ 5.70 15 0.6

16 CF Smooth 90◦ 5.70 25 1.8

16 (p) CF Smooth 90◦ 5.70 74 15.6

17 CF Sharp 28.5◦ 5.18 27.4 1.9

17 CF Sharp 28.5◦ 4.87 33.9 2.8

18 CF Smooth 28.5◦ 5.12 58.8 7.3

2.2. Samples’ Analysis

An optical microscope was used to observe and analyse the damage topographies on
the top and bottom surfaces of the specimens. In order to quantify the extent of the damage
accurately, the thermography technique was used to measure the damaged areas. However,
this non-destructive inspection method could not distinguish the damage modes. Since the
focus of the work was on the surface damage, the samples were also observed to identify
the key features of their surface damage.

Pulsed thermography is a reliable non-destructive testing technique for detecting near-
and sub-surface damage. It is a more robust and faster method compared to ultrasonic
testing and X-radiography [26]. The typical thermographic setup is illustrated in Figure 4.
A pulse was emitted by a flash lamp onto the specimen’s surface. Heat conduction took
place on the sample and led to a decrease from the surface to the interior. An infrared (IR)
camera measured the temperature of the sample surface against time. Point 1 in Figure 4
represents an undamaged area of the sample, while Point 2 represents a damaged one. In
the presence of a defect, a temperature deviation occurred, and the time when it occurred (t1
in Figure 4) allowed the estimation of the defect’s depth. Initially, thermographic analysis
was based on contrasts in the post-heating images. Most modern systems analyse each pixel
individually and independently. This allows to not be dependent of a reference standard.
Thermographic signal reconstruction (TSR) allows noise reduction, and its first and second
derivatives are invariant to ambient conditions, surface preparation, and input energy,
thus allowing the analysis of the sub-surface of a specimen. TSR is, then, a polynomial
fitting, and its first and second derivatives allow the visualisation of heat flow and heat
flow variation. In this study, the model order was chosen as 7. Considering the thickness of
the samples and the low thermal diffusivity of the composites, a sampling rate of 20 Hz
was used, and a total of 1000 frames (equivalent to 50 s) were captured after the flash.
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Figure 4. (a) Experimental configuration of the pulsed thermographic inspection under the reflection
mode, where Point 1 denotes a surface location with a defect underneath and Point 2 denotes a
location on the sample surface with no defect underneath. (b) Typical observed time–temperature
decay curves in the logarithmic domain for Points 1 and 2, respectively, where the times of t1 and t2
are the key for measuring the thickness of the local materials.

3. Results and Discussion

The samples were tested with different energy levels, as described in Table 4. The
results are reported by grouping together the orthogonal impact and inclined impact. The
images from the optical microscopy and thermography were combined to reconstruct the
internal and surface damages.

Table 4. Summary of damage observed on the composite panels under orthogonal impacts.

Sample Material Projectile Energy (J)
Front Face
Damage

Back Face
Damage

13 CF Sharp 2.2 Matrix cracking No visual
damage

15 CF Smooth 2.7 Matrix cracking
and indentation Matrix crack

9 CF + Kevlar Smooth 0.9 None No visual
damage

11 CF + Kevlar Sharp 1.2 & 6.5
Fibre peel-off on

the first layer and
indentation

Matrix crack

10 CF + Kevlar Smooth 16.9
Matrix cracking,

fibre peel-off, and
indentation

Cross fracture
and

delamination

12 CF + Kevlar Sharp 15.6
Matrix cracking,
fibre pee-off, and

indentation

Cross fracture
and

delamination

3.1. Orthogonal Impact

A summary of the damage observed on the panels that were impacted at a 90◦
angle is presented in Table 4. The samples were analysed according to the following
parameters: effect of the projectile surface (sharp or smooth) and the presence of a Kevlar
reinforcement layer.

3.1.1. Effect of the Shape of the Projectile

CF panels 13 and 15 were impacted at 2.2 J with sharp gravel and 2.0 J with smooth
gravel, respectively. Visible surface damage was observed with optical microscopy, with
matrix cracking developing perpendicularly to the fibre direction in both cases. However,
an indentation with a round-shaped crater was observed on panel 15, which was impacted
by smooth gravel, whilst on panel 13 (sharp projectile), the matrix cracking area was larger
than that on panel 15. These damages can be observed in Figures 5 and 6.
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Figure 5. Optical images of the damages observed on the front faces of panels 13 (left-hand side)
and 15 (right-hand side).

Figure 6. Optical images of the front faces of panels 13 (left-hand side) and 15 (right-hand side)
detailing the matrix cracks perpendicular to the fibre direction (crack highlighted with red arrows).

The thermographic images of panels 13 and 15 allowed the identification of internal
damages (Figure 7). Both panels presented similar internal damages, with indentations that
were clearly identified on the front faces of the panels. On the back faces of these panels, a
matrix crack in a line was noticeable on panel 13, while a different shape was observable
on panel 15 (Figure 8).

Figure 7. Thermographic images of the impact on the (a) front face and (b) back face of panel 13 and
the (c) front face and (d) back face of panel 15.
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Figure 8. Microscopic images of the back faces of (a) panel 13 and (b) panel 15.

3.1.2. Effect of the Layer of Kevlar for Reinforcement

Concerning the Kevlar-reinforced panels, panel 9 was impacted at 1.2 J with smooth
gravel with no visible damage. In the case of panel 11, a first impact was carried out at
0.9 J with a sharp projectile. This impact created a small damaged area (the red square
in Figure 9) without matrix cracking., but with fibre peel-off and failure on the first layer
(Figure 10). The other marks were caused by another impact at 6.5 J with a sharp impactor
(the blue triangle in Figure 9). This created a larger damaged area than the previous impact,
and it was likely caused by the rotation of the gravel. The point of impact was clearly
noticeable in the thermographic images (Figure 11). However, internal damages did not
seem to occur (Figure 11).

Figure 9. Optical image of the top face of panel 11 highlighting the damages cause by the first impact
(red square) and the second impact (blue triangle).

Figure 10. Microscopic image of panel 11 showing fibre loss on the first layer of the panel.
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Figure 11. Thermographic images of the (a) front face and (b) back face of panel 11.

On the back face, the main damage that was identifiable with optical microscopy was
a matrix crack (Figure 12).

Figure 12. Microscopic images of the back face of panel 11 with a matrix crack (left) and localised
damage (right).

Panels 10 and 12, which were made of CF and Kevlar, were impacted at 16.9 J with a
smooth impactor and 15.6 J with a sharp one (a higher impact energy than that of panels
9 and 11), respectively. Similar damage to that of panel 11 was observed on the top face
with fibre peel-off, fibre failure, and matrix damage. The thermographic and TSR images
(Figures 13 and 14) illustrated a significant area of internal damages. The second derivative
clearly enabled the identification of an intense but more restricted damage area close to the
point of impact, which was likely delamination.

Figure 13. Thermographic images of the front face of panel 10: thermographic image (left-hand side),
TSR image (centre), and second derivative (right-hand side).
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Figure 14. Thermographic images of the back face of panel 10: thermographic image (left-hand side),
TSR image (centre), and second derivative (right-hand side).

Cross failures were observable on the back faces of the panels. The cross shape was
clearly noticeable in the TSR and raw images (Figure 15). Damaged areas close to the
cross were observable on the second derivative image, and they also seemed to indicate
delamination.

Figure 15. Images of damages on the (a) front face and (b) back face of panel 1 and on the (c) front
face of panel 3.

3.2. Inclined Impact

A summary of the damage observed on the panels impacted at an angle of 28.5◦
with respect to the plane of the panel is presented in Table 5, followed by an analytical
discussion on the effect of the shape of the projectile and the presence of a layer of Kevlar
as reinforcement.

Table 5. Summary of the damages observed on composite panels under an inclined (28.5◦) impact.

Sample Material Projectile Energy
Type of Front
Face Damage

Type of Back
Face Damage

1 CF Sharp 3.1 J Matrix cracking
& Fibres exposed

Matrix
cracking

3 CF Smooth 2.7 J Fibres exposed No visual
damage

7 CF + Kevlar Smooth 3.4 J Scratch No visual
damage

6 CF + Kevlar Sharp 7.7 J & 2 J Matrix cracking
& Fibre breakage

no visual
damage

8 CF + Kevlar Smooth 8.9 J Concentration
region

Matrix
cracking

18 CF Smooth 7.3 J
Matrix

concentration &
cracking (a,b)

Matrix
cracking
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3.2.1. Effect of the Shape of the Projectile

Panels 1 and 3 were impacted at 3.1 J with sharp gravel and 2.7 J with a smooth
projectile, respectively, at an angle of 28.5◦. Panel 1 presented damages on the front and
back faces—matrix cracking and fibre peel-off—while panel 3 presented some damage only
on the front face with fibre peel-off (Figure 15). The thermography images of panels 1 and
3 (Figure 16) highlighted the areas that were damaged on the front and back of the panels.
The main difference between these samples and the ones that were impacted orthogonally
(panels 13 and 15 in Figure 8) is the fact that, with the orthogonal impact, the damage was
concentrated/localised at the contact point, while with the inclined impact, the internal
damaged area is larger.

Figure 16. Thermographic images of the (a) front face and (b) back face of panel 1 and (c) the front
face of panel 3.

3.2.2. Effect of the Layer of Kevlar for Reinforcement

To assess the effect of the Kevlar layer with an inclined impact, panels 3 and 7 were
compared. These panels were impacted with smooth projectiles at 2.7 and 3.4 J, respectively;
panel 7 was the one with the layer of Kevlar for reinforcement. On panel 7, the front face
presented some scratches, while the back face had no visible damage (Figure 17). The levels
of damage obtained were similar for both panels, suggesting that the reinforcement layer
of Kevlar had little effect.

Figure 17. Images of the front face of panel 7: (a) microscopic image showing damage from the impact,
(b) magnification showing matrix cracking, and (c) thermographic image showing internal damages.

Panels 6 and 18 were impacted at 7.7 J with a sharp projectile and 7.3 J with a smooth
projectile, respectively, with both at an angle of 28.5◦. Both panels presented scratches in
the area of the impact. However, panel 6 did not present damage on its back face, while
panel 18 had a matrix crack (Figure 18).

In this case, the smooth projectile caused more layer damage to the panel than the
sharp one did. This could be related to the effect of the reinforcement of the Kevlar layer
in the panel configuration. At low levels of impact energy, the effect of the Kevlar layer
was not observed, but at higher levels, it reduced the damage on the back face of the plate.
However, some internal damage was identified (Figure 19).
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Figure 18. Microscopic images of panel 18: (a) front face, (b) magnification of the front face, (c) back
face, and (d) magnification of the back face.

Figure 19. Thermographic images of the (a) front face and (b) back face of panel 6 and the (c) front
face and (d) back face of panel 18.

In terms of the angle of impact, by comparing panels 3 and 15, it was noticed that
inclined impacts caused less damage on the composite panels than perpendicular im-
pacts did.

3.3. Effect of Impact Energy

For the plate thicknesses of 1.05 and 1.40 mm, several levels of damage were observed
in relation to the impact energy. For a low level of energy (2–6 J), damage on the top surface
was observed; for a medium level (6–14 J), there was visible damage on the front and
back faces and through the thickness; for high levels (higher than 15 J), total penetration
of the plates occurred. However, the effect of the reinforcement with the Kevlar layer
was evident. For example, when impacted with a smooth projectile, plate 4 (CF lay-up)
suffered penetration at an impact energy of 11.6 J, while plate 10 (CF + Kevlar lay-up) did
not experience penetration at an impact energy of 13.9 J.

Further investigation of the impact through the images captured with a high-speed
camera showed a contribution of the Kevlar layer to a reduction in the amount of damage
produced on the front face. Figures 20–23 show sequences of three frames captured during
the test to show the start of the impact, an intermediate position, and the final position
of the gravel before it detached from the specimen. The four different sequences refer to
orthogonal and inclined impacts with either sharp or smooth gravel. The gravel, which
was either sharp or round, produced limited damages on the surfaces when the panels
were reinforced with a Kevlar layer on the bottom face. The sharp gravel could cut the
panel, with partial perforation and extensive damages, whilst the round gravel impacted
the surface and rolled over it, as happened without the Kevlar reinforcement, producing a
fibre cut and scratches in the resin. These impact conditions refer to energy levels that did
not produce perforation.
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Figure 20. Sample 5, sharp gravel, CF + Kevlar, 2.8 J, showing the initial (left), intermediate (centre),
and gravel detachment stages (right).

Figure 21. Sample 2 (CF, 28.5 degrees, 15.4 J), test n. 19, sharp gravel, showing the initial (left),
intermediate (centre), and gravel detachment stages (right).

Figure 22. Sample 7, CF + Kevlar, 3.4 J, smooth gravel, showing the initial (left), intermediate (centre),
and gravel detachment stages (right).

Figure 23. Sample 3, CF, smooth gravel, 2.7 J, 28.5 degrees, showing the initial (left), intermediate
(centre), and gravel detachment stages (right).

If we compare our observations with the previous literature review, the same damages
as those observed by Liu et al. [24] were noticed for panels 10, 12, and 14. The damages
were caused by compressive stress waves generated and transmitted through the volume
after impact. These waves were then reflected on the back face of the panel and formed
tensile waves, thus explaining the fibre failure on the back face. It is then likely that
delamination occurred. Compared with the results from Othman et al. [27], who assessed
impacts on unidirectional laminates, the damages were different. The matrix cracks were
in the direction of the fibres, while with these woven panels, the cracks were perpendicular
to the fibres.

4. Conclusions

Gas gun testing for high-velocity impacts was used to characterize the responses of
composite panels that were impacted under different energy levels and different angles by
gravel of different shapes.

166



J. Compos. Sci. 2022, 6, 282

Sharp gravel produced more damage on the top face compared to smooth gravel,
whilst the damage on the back face was not affected by the shape, but only by energy and
angle. From the thermographic results, more internal damages were observed with sharp
gravel, but this would need to be confirmed through further analyses.

Matrix damage was the main mechanism observed at a low impact energy (around 2 J),
whilst at higher energies, Kevlar delayed the fibre damages by improving the ballistic limits
of the panels. However, at a low level of energy, no major improvements were noticed
when using Kevlar, as matrix cracking was dominant.

Further work on the through-thickness analysis of the panels is required, as thermog-
raphy cannot provide a definitive answer.
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Abstract: The interest in recycled carbon fiber (rCF) is growing rapidly and the supply chain for these
materials is gradually being established. However, the processing routes, material intermediates and
properties of rCF composites are less understood for designers to adopt them into practice. This paper
provides a practical pathway for rCFs in conjunction with low cost and, for the most part, commodity
thermoplastic resins, namely polyethylene (PE), polyamide 66 (PA66) and polyethylene terephthalate
(PET). Industrially relevant wet-laid (WL) process routes have been adopted to produce mats using
two variants of WL mats, namely (a) high speed wet-laid inclined wire to produce broad good ‘roll’
forms and (b) 3DEPTM process patented by Materials Innovation Technologies (MIT)-recycled carbon
fiber (RCF), now Carbon Conversions, which involves mixing fibers and water and depositing the
fibers on a water-immersed mold. These are referred to as ‘sheet’ forms. The produced mats were
evaluated for their processing into composites as ‘fully consolidated mats’ and ‘non-consolidated’
as-produced mats. Comprehensive mechanical data in terms of tensile strength, tensile modulus and
impact toughness for rCF C/PE, C/PA66 and C/PET are presented. The work is of high value to
sustainable composite designers and modelers.

Keywords: recycled carbon fiber; thermoplastics; wet-laid processing; compression molding

1. Introduction

Discontinuous carbon fibers have a number of advantages, such as (a) fiber aspect
ratio can be greater than critical fiber length, hence, superior mechanical properties can be
realized; (b) higher drapeability offered due to fiber movement during processes, such as
compression and thermo-stamping; (c) ability to hybridize fiber lengths and types; and
(d) lower cost, since secondary weaving and braiding are not necessary. Traditional pro-
cesses, such as injection molding and extrusion, result in significant fiber length attrition
due to friction and interaction with the screw with the material. Wet-laid (WL) processing
offers a low-energy alternative to traditional processes, such as weaving and/or stitch bond-
ing, producing mats in desired fiber-matrix weight fraction. Both reinforcing fibers and
resin fibers (resin in fiber form) are mixed in desired weight proportion in water (with dis-
persant and flocculent) and mixed till the material assumes a homogenous form. The water
is drained rapidly from the fiber bulk, resulting in a well-dispersed fiber-polymer mat.

Two types of industrially relevant WL mat process routes have been investigated
in this work, namely—(a) high speed wet-laid line to produce broad good ‘roll’ forms
and (b) 3DEPTM process patented by Carbon Conversions, mixing fibers and water, and
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depositing on a water-immersed mold. The underlying hypothesis is that the high-speed
WL process would yield preferred fiber alignment in the ‘roll’ direction, while the 3DEPTM

would produce randomized fiber orientation. This work reports mechanical properties of
WL-processed rCF mat composites in conjunction with commodity thermoplastics, namely
polyethylene (PE) and polyethylene terephthalate (PET) and engineering thermoplastic
polyamide (PA66). There is no work, to our knowledge, that quantifies the mechanical
performance of rCF WL mat composites, while such information would be valuable to a
designer and modeler(s).

2. Literature Review

With increased emphasis on circular economy, rCFs are finding use in applications,
such as automotive, sporting goods and industrial parts [1–5]. The processes used to obtain
rCF are pyrolysis and solvolysis of out-of-date prepregs and end-of-life CF intensive parts.
Other sources include manufacturing scrap, edge trims and waste from textile processes.
Carbon Conversions specializes in pyrolysis-based recovery of CFs [6], the primary focus
of this effort. Several efforts have emphasized the importance of processing discontinuous
carbon fiber thermoplastic composites [7–9].

Thomason [10] and Vaidya [11] illustrated the importance of fiber aspect ratio of
discontinuous fibers. Polyamide (PA), polyethylene (PE) and polyethylene terephthalate
(PE) are of continued interest as thermoplastic matrices in reinforced composites due to
their recyclability and superior mechanical properties [12–14].

The WL process is promising in terms of fiber length retention. Hemamalini and
Dev [15] discussed that WL is an emerging technique to produce nonwovens using short
natural cellulosic fibers and synthetic fibers and their blends. The steps involved in wet
laying are dispersion, deposition and consolidation. Uniform dispersion is the key to
attain defect-free nonwovens in web laying. WL processing is like the papermaking
process with differences in fiber length and density of the fibers [16,17]. The quality of the
dispersion depends on material parameters, such as fiber length, surfactant, source of the
fibers, linear density of the fibers and machine parameters, such as dispersion time and
mechanical agitation.

There are only limited studies with WL and thermoplastic polymers in conjunction
with high-performance CFs [17]. Product opportunities for automotive and aerospace
can expand using WL intermediates. This work considers WL rCFs in conjunction with
commodity thermoplastics, such as PP and PET, as well as engineering thermoplastics, such
as PA66. Yan et al. [18] investigated process parameters of WL rCF-reinforced thermoplastic
(CFRTP) nonwoven mats. They used response surface methodology to optimize the heat-
molding compression parameters in terms of temperature, pressure and time, respectively.
They also reported that CFRTP comprising 30 wt% CF fiber length of 6 mm provided
the highest tensile strength. Ghossein et al. [19] evaluated the mechanical behavior of
WL-CF mats in conjunction with the microstructure predicted through Object-Oriented
Finite Element Analysis (OOF). The authors used novel mixing methods to reduce time to
create optimal mats. Barnett et al. [20] created CF-PPS WL mats, similar to organosheets
used in automotive production. Erland et al. [21] investigated the re-manufacture and
repairability of thick-section poly(ether ether ketone) PEEK CFRTPs. They reported results
on C/PEEK tested under three-point bend loaded to fracture before being re-heated, re-
pressed and re-tested. Their study showed that C/PEEK composites could be repaired
with minimal loss of mechanical performance, even when significant fracture occurs.
They attained a flexural modulus of 80 GPa and a maximum bending stress of 900 MPa.
Brahma et al. [22] investigated discontinuous WL CF mats and compared them to liquid-
molded PA6. There was roughly a 10–13% increase in its tensile strength, modulus and
impact strength properties at 30 and 40% weight fractions and almost a 120% increase at
50% weight fraction. Yeole et al. [23] studied the effects of dispersant and flocculent in glass
fiber WL thermoplastic composites. Kore et al. [24] hybridized bamboo fibers with carbon
fiber mats with the WL process and reported the property bounds.
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There are presently no systematic guidelines of using rCF in composite products. This
paper attempts to address this gap, and addresses commodity and engineering thermo-
plastics with rCFs to provide a comprehensive understanding of lower- and upper-bound
properties with these materials. The work is of high relevance to sustainable composite
designers and end users.

3. Materials and Methods

Two WL-processing approaches were considered in this study. Nonwoven rCF-
thermoplastic mats were produced (a) in a WL machine capable of producing ‘roll’ forms;
and (b) 3DEPTM process where rCF mats were deposited as a ‘sheet’ in a water tank.
Throughout this manuscript these variants are referred to as ‘roll’ and ‘sheet’ forms, respec-
tively.

The ‘roll’ mats were produced in 1.2 m (48”) wide rolls, while the ‘sheets’ were
produced as 3DEPTM mats using a water-based deposition on a screen tool. A ‘sheet’ was
typically 350 mm × 350 mm WL mat.

‘Sheet’: Carbon Conversions developed an innovative method for making WL fiber
preforms [5]. The 3DEPTM process lends itself to converting loose recycled fibers into
nonwoven carbon fiber mats. The 3DEPTM process uses advanced slurry molding process
for creating nonwoven rCF preforms. 3DEPTM produces homogeneous fiber distribution
within the mat with consistent areal weight and acceptable dimensional tolerance. In
this work 3DEPTM was used to produce WL rCF mats. rCF obtained from pyrolysis
of T800 prepreg were used. The recycled fiber had nominal 12.7 mm fiber length and
8–10 mm diameter.

‘Roll’: Carbon Conversions produces continuous, WL, nonwoven fabrics on a 1.2 m
wide RotoFormer machine (Allimand Interweb, Inc., Glen Falls, NY, USA). Compositions
include chopped carbon fiber and blends of carbon fiber with thermoplastic polymer staple
fibers. Areal density can range from 100 to 500 g/m2 (gsm). Areal density coefficient of
variation (COV) is typically <3%. After forming, the web is sent through a continuous
dryer and then bound onto 50–200 m rolls. rCF mats were processed via WL with three
resin systems: PE, PA66 and PET, respectively. The molecular weights are as follows:
PET—25,000 g/mol, PE—30,000 g/mol and PA66—25,000 g/mol. The tensile modulus of
neat (unreinforced) PET is 2.8 GPa, PE is 0.9 GPa and PA66 is 3.2 GPa, respectively.

The C/PET and C/PA66 were processable at 500 F due to their higher melting point,
while PE was processed at 250 F since PE melts at a lower temperature. The work was
conducted in two batches referred to as Batch 1 and Batch 2. The lessons from Batch 1 were
applied in producing Batch 2 mats. Table 1 summarizes the rCF mats designed for the ‘roll’
and ‘sheet’ forms under Batch 1. Batch 2 mats are discussed later. Composite panels were
made from the WL mats using compression-molding process with the process conditions
identified in the table.

Table 1. Sample variants, preform type and processing conditions for Batch 1 mats.

Sample Variant ** Preform Type Processing Notes ˆ

PA66/CF/68/30 Sheets Tool at 500 F and 1000 psi
PA66/CF/78/20 Sheets Tool at 500 F and 1000 psi
PA66/CF/88/10 Sheets Tool at 500 F and 1000 psi
PA66/CF/77/20 Roll Tool at 500 F and 1000 psi

PE/CF/78/20 Roll Tool at 250 F and 1000 psi

PA66/CF/77/20 Roll Tool at 509 F and 1000 psi
PA66/CF/78/20 Dried Sheets Tool at 509 F and 1000 psi

PE/CF/77/20 Roll Tool at 265 F and 1000 psi
PE/CF/77/20 Roll

PET/CF/77/20 Sheets Tool at 500 F and 1000 psi
ˆ All plates were compression molded; ** e.g., nomenclature PA66/CF/68/30 means, 68% resin, 30% carbon fiber
by weight.
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4. Results and Discussion

4.1. Partial and Fully Consolidated Panels

Compression molding was used to produce partially and fully consolidated panels as
illustrated in Figure 1a–f. Five (5) layers of 300 mm × 300 mm preforms were compression
molded in a matched metal tool. For C/PA66, the press platens were heated to a temper-
ature of 500 ◦F at 6.895 MPa (1000 psi). In a few cases, the tool temperature was held at
250–265 ◦F. The hold time was approximately 20 min at temperature. The tool was cooled
to room temperature. In some cases, slight discoloration was noted along the edges of the
panel—12 mm wide band along the four edges.

(a) (b) 

(c) (d) 

(e) (f) 

Figure 1. Effect of consolidation; (a) PA66/CF/68/30, 5 layers of preform (less-consolidated
panel); (b) PA66/CF/88/10, 5 layers of preform (less-consolidated panel). Arrows point to
representative voids in both (a,b); (c) PA66/CF/68/30, 5 layers of preform (well-consolidated
panel); (d) PA66/CF/88/10, 5 layers of preform (well-consolidated panel); (e) PA66/CF/68/30 less-
consolidated panel, the PA66/CF/88/10 was similar in look; (f) PA66/CF/68/30 well-consolidated
panel, the PA66/CF/88/10 was similar in look; Panel size 275 mm × 275 mm.

The C/PE and C/PET panels were produced in a similar manner to C/PA66. Two
panels of PE-CF-78-20 roll were processed as three layers of preforms were compression
molded in a 300 × 300 mm matched metal tool. The tool was heated to a temperature
of 250 ◦F (for C/PE) and 500 ◦F (for C/PET) at 6.895 MPa (1000 psi). The hold time was
approximately 20 min at these temperatures. The tool was cooled to room temperature.

4.2. ‘Roll’ versus ‘Sheet’ Forms

Preform “sheets” and “roll” forms were evaluated in similar weight fraction and resin
type(s). For example, ‘sheet(s)’ PA66-CF-68-30 and PA66-CF-78-20 and ‘roll’ PA66-CF-77-20
(e.g., PA66-CF-77-20 means 77 wt% PA66 and 20 wt% CF) were evaluated and compared.
Qualitatively, the ‘roll’ form processed under similar conditions consolidated better (less
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voids) than ‘sheets’. Figure 2 illustrates a representative ‘roll’ and ‘sheet’ form composite
panel. Moisture analysis revealed that the ‘roll’ form had less moisture content. The
material was dried before consolidation. Parallel edge coupons were tabbed and tested
in two (2) directions ‘along’ and ‘across’ the machine direction. The direction was more
relevant in the ‘roll’ due to preferential fiber orientation along the warp (machine) direction.

 
(a) (b) 

Figure 2. ‘Roll’ and ‘Sheet’ form panel; (a) ‘Roll’ form panel—optimal compression-molded C/PA66
panel from WL mats; (b) panel produced from WL PA66-CF mats in ‘sheet’ form. Panel size
300 × 300 mm2.

4.3. Moisture Analysis

Moisture analysis was conducted to determine moisture content in the preform ‘sheets
and ‘roll’. Percentage moisture was determined by weight analysis. The samples studied
were PA66-CF-78-20 preform ‘sheets’ and PA66-CF-77-20 preform “roll”. The materials
were dried at 250 ◦F for 8 h. Table 2 illustrates the moisture percent in the ‘sheet’ versus ‘roll’
preform. The ‘sheet’ exhibited an average moisture content of 3% while the ‘roll’ exhibited
average moisture of 1.68%, about 45% lower than the ‘sheet’.

Table 2. Moisture analysis of WL PA66-CF ‘sheet’ and ‘roll’ forms.

Sample ID Wet Sample Dry Sample
Moisture
Content

Moisture %

PA66/CF/78/20/Preform
Sheets-1 2.6057 2.53 0.08 3.03

PA66/CF/78/20/Preform
Sheets-2 2.8037 2.72 0.08 3.00

PA66/CF/77/20/Preform
Roll-1 3.7176 3.65 0.06 1.70

PA66/CF/77/20/Preform
Roll-2 3.5691 3.51 0.06 1.66

Tension samples were cut from the consolidated 300 × 300 mm2 plate. Flat-wise tabs
were used for the tension samples (25.4 mm wide and 200 mm length). Some dog bone
samples were also tested in a couple of variants to observe the effect of sample shape and
size of final properties. Strength and modulus were determined for three specimens each,
‘along’ and ‘across’ the fiber directions at a rate 2 mm/min. The modulus was determined
with an extensometer (0.2% to 1 % strain).

4.4. Batch 1 Results

Tables 3 and 4 summarize the tensile modulus and strength for composites made with
C/PA66 ‘sheets’ versus ‘roll’, respectively. It is seen that the C/PA66 ‘roll’ had 67% higher
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average tensile strength (108 MPa (‘sheet’) versus 187.73 MPa (‘roll’)) and 72% higher
average modulus (10 GPa (‘sheet’) versus 16.5 GPa (‘roll’)). The high values for the ‘roll’
can be attributed to the preferential fiber alignment in the ‘roll’ direction while the ‘sheet’
exhibits quasi-isotropic/random orientation. There was no statistical difference in the
tensile strength and modulus between the flat edge specimens compared to the dog bone
specimen geometry as shown in Table 5.

The 30 wt% C/PE ‘roll’ specimens exhibited an average tensile strength of 45 MPa
and tensile modulus of 6.5 GPa. These were approximately half that of the 30 wt% C/PA66
composites. The C/PE was only tested (available) in the ‘roll’ direction.

Table 3. Tensile modulus and strength of C/PA66 (preform ‘Sheets’).

Type Sample
ID

Direction

Average
Modulus

Average
Modulus

Average
Strength

Average
Strength

Density
(g/cc)

Specific
Strength

Specific
Modulus

(GPa) 106 (psi) (MPa) 103 (psi)

Fl
at

Te
ns

io
n

C
ou

po
ns

PA66-CF-
68-30 1 10.01 1.45 108.00 15.66 1.24 8.07 87.09

PA66-CF-
68-30 2 9.95 1.44 103.49 15.01 1.24 8.02 83.46

PA66-CF-
78-20 1 10.01 1.45 108.00 15.66 1.21 8.27 89.25

PA66-CF-
78-20 2 9.98 1.45 105.74 15.34 1.21 8.25 87.39

PA66-CF-
88-10 1 9.99 1.45 106.49 15.44 1.18 8.46 90.25

PA66-CF-
88-10 2 9.98 1.45 105.74 15.34 1.18 8.46 89.61

Dog Bone PA66-CF-
78-20 1 9.98 1.45 105.99 15.37 1.21 8.25 87.60

Table 4. Tensile modulus and strength of C/PA66 (preform ‘Roll’).

Type Sample ID
Avg.

Modulus
(GPa)

Avg.
Modulus
106 (psi)

Avg.
Strength

(MPa)

Avg.
Strength
103 (psi)

Density
(g/cc)

Specific
Strength

Specific
Modulus

Flat
Samples

PA66-CF-77-20 * 15.32 2.22 187.72 27.23 1.21 12.66 155.14
PA66-CF-77-20 ˆ 17.07 2.48 178.16 25.84 1.21 14.11 147.24

Dog Bone PA66-CF-77-20 ˆ 16.20 2.35 182.94 26.53 1.21 13.38 151.19

* 2 direction, ˆ 1direction.

Table 5. Tensile modulus and strength—C/PE (preform Roll).

Sample
Sample ID

Avg.
Modulus

Avg.
Modulus

Avg.
Strength

Avg.
Strength

Density
Specific

Modulus
Specific
Strength

Type (GPa) 106 (psi) (MPa) 103 (psi)

Flat
Samples PE-CF-78-20 5.19 0.75 40.39 5.86 1.03 5.04 39.21

Dog Bone PE-CF-78-20 4.21 0.61 47.72 6.92 1.03 4.09 46.33

4.5. Batch 2 Results—Tensile Modulus and Tensile Strength

Based on the results from Batch 1, a controlled set of preforms was prepared with
approximately 20 wt% CF for PA66, PE and PET, respectively. Composite plates were
produced in two configurations, namely, ‘no cross-stack’ and ‘cross-stack’, respectively. The
rationale for the two configurations was to evaluate if the preferential fiber orientation in
the ‘roll’ influenced the stacking sequence.
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Tables 6–8 summarize the results from these materials. The trend of the ‘roll’ form of
higher values than the ‘sheet’ forms was similar to that in Batch 1. The ‘roll’ form had 88%
higher strength and 137% higher modulus compared to the ‘sheet’ form. This indicates the
influence of significant fiber orientation in the ‘roll’ form. The effect of drying the mats in
Batch 2 had a marked influence in the ‘sheet’ form. Drying improved the tensile strength
and modulus by an average factor of two or greater.

Table 6. Tensile modulus and strength of PA66-CF (preform ‘Roll’).

Sample ID
Preform

Type
Stacking
Sequence

Direction

Tensile
Modulus

Tensile
Strength

(GPa) (MPa)

PA66-CF-77-20-CS Roll Cross Stack 1 19.98 257.70
PA66-CF-77-20-CS Roll Cross Sack 2 15.16 217.34

PA66-CF-77-20-NCS Roll No Cross Stack 1 20.57 242.06
PA66-CF-77-20-NCS Roll No Cross Stack 2 16.92 248.29

Table 7. Tensile modulus and strength of PA66-CF (preform ‘Sheet’).

Sample ID
Preform

Type
Stacking
Sequence

Direction

Tensile
Modulus

Tensile
Strength

(GPa) (MPa)

PA66-CF-78-
20-Predried Sheets N/A 1 10.66 169.95

PA66-CF-78-
20-Predried Sheets N/A 2 6.39 84.31

Table 8. Tensile modulus and strength—PE-CF (preform ‘Roll’).

Sample ID
Preform

Type
Stacking
Sequence

Direction

Tensile
Modulus

Tensile
Strength

(GPa) (MPa)

PE-CF-77-20-CS Roll Cross Stack 1 5.50 53.74
PE-CF-77-20-CS Roll Cross Stack 2 5.57 52.43

PE-CF-77-20-NCS Roll No Cross Stack 1 4.20 39.41
PE-CF-77-20-NCS Roll No Cross Stack 2 6.97 66.48
PE-CF-77-20-MIT Roll N/A 1 5.80 53.27
PE-CF-77-20-MIT Roll N/A 2 7.57 75.11

Batch 2 of the PE/CF panels was processed at a higher temperature than Batch 1 (260 ◦F
instead of 245 ◦F). Increasing the processing temperature increased the tensile strength
marginally. The cross-stack panel exhibits similar properties in both the directions while the
no-cross stack exhibits a difference in properties in the two directions as shown in Table 9.

Table 9. Tensile modulus and strength—C/PET (preform ‘Roll’).

Sample ID
Preform

Type
Stacking
Sequence

Direction

Tensile
Modulus

Tensile
Strength

(GPa) (MPa)

PET-CF-77-20 Sheets N/A 1 17.35 243.84
PET-CF-77-20 Sheets N/A 2 17.41 271.19

C/PET sheet preforms were processed at 500 F and 100 psi. These exhibit excellent ten-
sile modulus and strength and are comparable to the C/PA66 samples. Table 10 compares
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the density of the mats for different weight fractions for C/PA66, C/PET and C/PE, respec-
tively. The C/PA66 composite density ranged from 1.18 and 1.21 to 1.24 g/cc for 10%, 20%
and 30 wt%, respectively. The C/PE was 1.03 and C/PET 1.42 g/cc for 20 wt%, respectively.
The densest of the materials was C/PET. Table 11 summarizes typical (standard) materials,
such as aluminum, ABS and long glass fiber thermoplastics, for comparison to the carbon
fiber mats in terms of the density, strength and modulus, respectively. Table 12 provides a
detailed summary of all material variants studied in this work C/PA66, C/PE and C/PET
for ‘roll’ and ‘sheet’ forms in no-stack and cross-stack configurations, where applicable. The
data are summarized in terms of density, strength, modulus, specific strength and specific
modulus.

Table 10. Density of the rCF thermoplastic variants.

Sample Variants
Fiber Resin

Fiber
Density

Resin
Density

Fiber
Volume

Resin
Volume

Composite
Density

Weight % Weight % g/cm3 g/cm3 Fraction Fraction g/cm3

Carbon/PA66 10 90 1.50 1.15 0.078 0.922 1.18
Carbon/PA66 20 80 1.50 1.15 0.161 0.839 1.21
Carbon/PA66 30 70 1.50 1.15 0.247 0.753 1.24

Carbon/Polyethylene 20 80 1.50 0.955 0.137 0.863 1.03
Carbon/PET 20 80 1.50 1.40 0.189 0.811 1.42

Table 11. Specific strength and specific modulus of other engineering materials.

Sample ID
Density

Young’s
Modulus

Tensile Strength Specific Modulus Specific Strength

(g/cm3) (GPa) (MPa) (GPa/(g/cm3)) (MPa/(g/cm3))

Aluminum 2.70 70.00 570.00 25.93 211.11
ABS (Impact Grade) Min 1.02 1.40 28.00 1.37 27.45
ABS (Impact Grade) Max 1.20 2.80 138.00 2.33 115.00

Glass-PP-40-60 1.21 8.27 80.00 6.83 66.12

Table 12. Comprehensive summary of tensile strength, tensile modulus, specific strength and specific
modulus for all rCF variants in this study. The effect of stacking sequence and ‘roll’ versus ‘sheet’
form are included.

Sample ID
Preform

Type
Stacking
Sequence Direction

Tensile
Modulus

Tensile
Strength

Density
Specific

Modulus
Specific
Strength

(GPa) (MPa) g/cm3 ((GPa)/(g/cm3)) ((MPa)/(g/cm3))

PA66-CF-77-20-CS Roll Cross Stack 1 19.98 257.70 1.21 16.51 212.97
PA66-CF-77-20-CS Roll Cross Stack 2 15.16 217.34 1.21 12.53 179.62

PA66-CF-77-20-NCS Roll No Cross Stack 1 20.57 242.06 1.21 17.00 200.05
PA66-CF-77-20-NCS Roll No Cross Stack 2 16.92 248.29 1.21 13.98 205.20

PA66-CF-78-20-
Predried Sheets N/A 1 10.66 169.95 1.21 8.81 140.45

PA66-CF-78-20-
Predried Sheets N/A 2 6.39 84.31 1.21 5.28 69.68

PE-CF-77-20-CS Roll Cross Stack 1 5.50 53.74 1.03 5.34 52.17
PE-CF-77-20-CS Roll Cross Stack 2 5.57 52.43 1.03 5.40 50.90

PE-CF-77-20-NCS Roll No Cross Stack 1 4.20 39.41 1.03 4.08 38.27
PE-CF-77-20-NCS Roll No Cross Stack 2 6.97 66.48 1.03 6.76 64.54
PE-CF-77-20-MIT Roll N/A 1 5.80 53.27 1.03 5.63 51.72
PE-CF-77-20-MIT Roll N/A 2 7.57 75.11 1.03 7.35 72.92

PET-CF-77-20 Sheets N/A 1 17.35 243.84 1.42 12.22 171.72
PET-CF-77-20 Sheets N/A 2 17.41 271.19 1.42 12.26 190.98
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4.6. Low-Velocity Impact Testing

The specimens were subjected to drop tower impact on a Dynatup 8250 under clamped
plates 100 × 100 mm with drop height impact for two energy levels (5 J and 15 J) (or drop
heights), referred to as ‘low-energy 5 J’ and ‘high-energy 15 J’ impact. Tables 13 and 14
summarized the impact data for all variants tested for drop weight impact. Figures 3 and 4
compares the normalized load and normalized energy for variants of 20 wt% carbon fiber
in each of C/PA66, C/PET and C/PE for no-stack versus cross-stack, where applicable.

Table 13. Low-velocity impact results at low-impact energy (5 J).

Variant Thickness (mm) Max Load (kN)
Energy at Max
Load (Joule)

Normalized Max
Load (kN/mm)

Normalized Energy
(Joule/mm)

MIT-C/PE/77/20 2.50 1.83 7.10 0.73 2.84
C/PE/77/20 Cross Stack 2.85 1.84 7.17 0.65 2.52

C/PE/77/20 No Cross Stack 2.69 1.59 6.89 0.59 2.56
C/PA66/77/20 Cross Stack 2.25 1.46 7.45 0.65 3.31

C/PA66/77/20 No Cross Stack 2.03 1.15 7.15 0.57 3.52
C/PET/77/20 2.78 2.08 7.26 0.75 2.61

Table 14. Low-velocity impact results at higher impact energy (15 J).

Sample Variant
Sample

Thickness (mm)
Max Load (kN)

Energy at Max
Load (Joule)

Normalized Max
Load (kN/mm)

Normalized Energy
(Joule/mm)

C/PE/77/20 2.46 1.84 11.64 0.75 6.33
C/PE/77/20
Cross Stack 2.77 2.03 12.41 0.73 6.11

C/PE/77/20
No Cross Stack 2.56 1.63 10.83 0.64 6.64

C/PA66/77/20
Cross Stack 1.81 1.66 3.30 0.92 1.99

C/PA66/77/20
No Cross Stack 2.13 1.46 4.91 0.69 3.36

C/PET/77/20 2.69 2.17 6.63 0.81 3.06

 

Figure 3. Comparison at normalized load and normalized energy for rCF variants at 5 J impact
energy.
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Figure 4. Comparison normalized load and normalized energy for rCF variants at 15 J impact energy.

At lower energy, the highest peak loads attained were from C/PE and C/PET, respec-
tively. In both these systems, once the peak on the force–time curve was attained, there was
penetration of the impactor through the thickness, and the unloading was, hence, sudden.
While the normalized energy was highest for C/PA66, both no-stack and cross-stack com-
pared to the rest. This suggests that C/PA66-exhibited-energy absorption occurs both in
the loading and unloading phase. There is no penetration of the indenter for C/PA66.

For higher energy impact, C/PA66 and C/PET exhibited the highest normalized load
bearing for the cross-stack. The highest energy absorbed was noted for all C/PE variants,
regardless of no-stack or cross-stack.

The effect of stacking was less pronounced in all the impact tested samples. This
may be due to localized transverse impact and only limited contact area between the
impactor and the specimen. Cross-stack or no-stack is more of a function for in-plane
loading. The peak load in case of drop weight impact is the onset at which the unloading
phase begins. Energy absorption continues into the unloading phase for damage-tolerant
materials. Overall, the PA66 offered higher damage tolerance in terms of energy absorption,
for both low- and high-energy impact.

5. Discussion

Figures 5–7 provide a comprehensive visual of all tests conducted for C/PA66, C/PE
and C/PET, respectively. Where applicable, the no-stack versus cross-stack has been
reported. The overall tensile strength of ‘roll’ form of C/PA65 ranged from 217 to 248 MPa
and tensile modulus of 15–20 GPa, respectively. The differences between cross-stack and
no-stack are not very definitive, indicating fiber entanglement occurs in discontinuous
fibers, masking the distinct effect of fiber orientation. In some cases, modulus and strength
for cross-stack were lower by 12.5% compared to no-stack.

For 77 wt% C/PET (i.e., 23% CF), the highest values of strength ranged from 243
to 271 MPa and modulus 16–17 GPa for the ‘sheet’ form. For the ‘roll’ form, there was a
distinct difference in the cross-stack versus no-stack, or high anisotropy. The values ranged
from 128 to 170 MPa and modulus of 5–10 GPa, much lower than other variants. Further,
the fiber content in these was only 15 wt%, unlike the others, which were >20 wt% carbon
fiber. It may also be noted for the no-stack roll form, when a high degree of fiber orientation
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in the machine direction occurs, the strength and modulus are high, i.e., 256 MPa and
16 GPa, respectively.

The 77 wt% C/PE (i.e., ~20 wt% carbon fiber) exhibited the lowest values of all. For
cross-stack, the average modulus was 53 MPa and average strength was 5.5 GPa, similar in
both directions for cross-stack. For the no-cross stack, significant anisotropy was observed
at 39 and 66 MPa and 4 and 6 GPa modulus.

Figure 8 considers a long fiber thermoplastic C/PPS with 40 wt% 25 mm (1”) fiber
length, which has strength of 175 MPa and modulus 25 GPa. Although this is not a one-to-
one comparison, both C/PA66 and C/PET rCF mat composites have much higher modulus
(by 37 %), higher than LFT C/PPS. The strength of C/PPS was 25% higher, the C/PA66
rCF mats providing the closest to the LFT values.

 

Figure 5. Comprehensive summary of tensile strength and tensile modulus for ‘roll’ form C/PA66.

 

Figure 6. Comprehensive summary of tensile strength and tensile modulus for ‘roll’ and ‘sheet’ form
C/PET.
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Figure 7. Comprehensive summary of tensile strength and tensile modulus for ‘roll’ form no stack
and cross-stack—C/PE.

Figure 8. Benchmark tensile strength and tensile modulus for LFT C/PPS 40 wt% CF.

6. Processing Studies

Optimal processing results were obtained from panels produced with tool temperature
at 500 ◦F. The panels processed at 250–265 F tool temperature exhibited voids, as seen in
Figure 1a,b. All panels used for testing were, hence, processed at 500 ◦F tool temperature.
Several processing routes were attempted from the rCF mats.

(a) Compression molding of the preform in matched metal tool produced composite
plates. The compression molding of the PA66 rCF mats was conducted to different consoli-
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dation pressures. This helped understand process temperature–pressure–microstructure
relationships. The fully consolidated panels were used for mechanical testing/data genera-
tion; (b) compression molding of C/PA66 panels followed by pre-heating the consolidated
panel and subsequently subjecting the heated panel to single-diaphragm thermoform (SDF),
and (c) pre-heating the C/PA66 mats without compression molding (hence, a less stiff mat)
and subjecting it to SDF.

6.1. Single-Diaphragm Forming of Pre-Consolidated Panel

The purpose of this study was to evaluate the formability of the mat(s) in terms of
draw. PA66/CF/78/20 was consolidated using the 300 × 300 mm2 tool for a 2.5 mm thick
panel at 500 ◦F and 6.895 MPa (1000 psi). The consolidated panel (blank) was then re-heated
in a convection oven for approximately 5 min at 490–500 ◦F. There was very little sag (if
any) evident. A toy car mold (250 × 100 × 125 mm3) was used as a tool to thermoform the
consolidated blank. The blank exhibited some discoloration inside the oven. The blank
was unable to soften and did not reach the melt temperature without degradation. As
such, one atmosphere vacuum was used to form the part. The consolidated blank failed
catastrophically during forming, as seen in Figure 9.

  
(a) (b) 

Figure 9. Pre-consolidated blank (after heating and thermoforming). Sample—PA66/CF/78/20,
5 layers of preform; (a) exposed side in oven shows much yellowing; (b) non-exposed side shows
less yellowing.

The pre-consolidated C/PA66 plate did not sag, hence, the plate was stiff when trans-
ferred from the oven to the forming station. Due to this, it appears that well-consolidated
plates possess limited ability to form to shape, resulting in cracking in the C/PA66 resin. It
appears that heating of the preforms must be done in a vacuum oven/inert condition to
prevent discoloration (yellowing). Whether the yellowing is from moisture remains unclear.
To find the cause for discoloration when the PA66/CF is heated in an oven, the preform
was heated under vacuum or inert atmosphere to determine if discoloration occurs due to
the presence of air, as shown in Table 15.

Table 15. Mats produced via different processing routes.

Sample Variants Preform Type Compression Molding Single Diaphragm
Oven Compression

Molding

Sample-PA66-CF-68-30 Sheets of 14” × 14” Yes Yes Yes

Sample-PA66-CF-78-20 Sheets of 14” × 14” Yes Yes No

Sample-PA66-CF-88-10 Sheets of 14” × 14” Yes No No

Sample-PA66-CF-77-20 Roll Yes No

Sample-PE-CF-78-20 Roll Yes Yes Yes
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6.2. Compression Molding—External Heating (Heating the Preforms in a Convection Oven)

Two layers of PA66/CF/88/10 were placed in a convection oven at 500 ◦F for 5 min.
A heated mold (with oil heating up to 350 ◦F) was used to compression mold the heated
preforms. The blanks exhibited some discoloration inside the oven, see Figure 10a,b. Only
the top layers of the preform became discolored due to heat. The bottom did not reach
the processing temperature, nor did it discolor. Further, 1000 psi of positive pressure was
applied on the tool.

  
(a) Exposed side (in oven) (b) non-exposed side 

Figure 10. Heated preforms after compression molding.

6.3. Single-Diaphragm Forming—PE/CF

One layer of PE-CF-78-20 was heated in an oven at 350 F for 5–6 min. The heated
preform was transferred to the mold and subjected to one atmosphere of vacuum. The
material formed well without any discoloration, see Figure 11.

 

Figure 11. Forming via SDF exhibited optimal draw and consolidation.

6.4. Compression Molding—External Heating (Heating the Preforms in a Convection Oven)

Two layers of PE/CF/78/20 were heated in a convection oven at 400 ◦F for 10 min.
An in-house heated mold (with oil heating at 250 ◦F) was used as a tool to compression
mold the heated preforms. There was “no” discoloration of the blank inside the oven,
see Figure 12a,b. Subsequently, 6.895 MPa (1000 psi) of positive pressure was applied on
the tool.
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(a) Top side (b) Back side 

Figure 12. Forming of shell shape through external heating and compression molding.

6.5. Discussion on Heating the Mats

Since the mats have significant open porosity and air (before consolidation), getting
the mats to attain their processing temperature is important. Hence, pre-heating brings the
mats to a uniform temperature and assists with the processing. It was observed that prior
to consolidation, uniform heating of the mats, either in infrared oven or via contact heating
in the closed-cavity, brings the mats to a processable condition. While the mechanical
properties are more a function of optimal temperature and consolidation pressure, the
efficient way to get to these conditions is via pre-heating to minimize time in the press
(hence, higher process efficiency).

7. Conclusions

rCF WL mats were successfully produced in three resin types—PA66, PE and PET.
The processing method had significant influence on properties. The ‘sheet’ form exhibited
random/quasi-isotropic properties while the properties in the ‘roll’ form were guided by
the preferred fiber orientation. The tensile strength and modulus were 80–120% higher on
average in the ‘roll’ form compared to the ‘sheet’ form.

The tensile strength and modulus of the 77 wt% resin, ~20 wt% fiber mats ranked as
C/PA66 > C/PET > C/PE guided by the resin properties. Some variants, such as C/PE
20 wt% carbon fiber, had higher anisotropy, i.e., they were more sensitive for the cross-stack
versus no-stack, while in some variants, the fiber entanglement seems to minimize the
influence of fiber orientation, i.e., differences in properties in the no-stack versus cross-stack
were less discernable.

The impact response of the rCF mats indicated the best performance came from
C/PA66, while the energy absorbed by C/PE is assumed to be the highest, due to the
weaker bonding between C and PE; as evident from the strength and modulus, this helps
with energy absorption.

For PA66-CF, pre-drying was an important step as it influenced the properties by a
factor of 2 or greater; pre-dried mats performed higher. The formability of pre-consolidated
WL composites was poor due to high stiffness. Matched metal die provided the best
forming of the WL mats for all the resin systems. The material loses heat rapidly, hence, the
forming must be conducted immediately to pre-heating. The best formability was achieved
in the PE-CF mats.
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Abstract: This paper reports analyses of a 5-degrees-of-freedom (5-DOF) carbon fiber-reinforced
polymer (CFRP) robot manipulator, which has been developed for farm applications. The manipulator
was made of aluminum alloy (AA) and steel materials. However, to check the effectiveness of
CFRP materials on the static and free-vibration performance of the manipulator, the AA parts were
replaced with CFRP. For this purpose, the effects of various cross-sections and layups on three design
criteria—deflection, load-carrying capacity, and natural frequency—were investigated. Two types
of thin-walled laminated sections, specifically the I section and rectangular tubular sections, were
used for the composite parts. These parts were made from three hollow square section (“SSS”
section) beams and three I section (“III” section) beams. These multi-cell beams were modeled
using the finite element (FE) method. Three configurations were selected for analysis based on
the manipulator’s most common operating conditions. The results indicated that the use of CFRP
increased the manipulator’s natural frequencies, increased the load-carrying capacity, and decreased
the manipulator’s tip deflection when compared with its AA counterpart. An analysis showed that
using CFRP in the manipulator’s structure could improve static and vibrational performances. It
was observed that the “SSS” section beams were 1.17 times stiffer, could carry a 1.20 times higher
load, and were 1.40 times heavier than the “III” section beams. Also, decreasing the fiber direction
in angle-ply layups from 90◦ to 0◦ and adding 0◦ plies, while keeping the total number of layers
constant, decreased the manipulator’s tip deflection and increased its natural frequencies.

Keywords: composite beams; finite element analysis; free vibration; glass carbon fiber

1. Introduction

Thin-walled structures can be made of steel, aluminum alloy (AA) [1,2], and composites [3–5];
AA and steel beams can also be reinforced by composite materials [6,7]. Among the wide
area of potential applications of thin-walled structures, composite structures are used in the
automotive [8,9], aerospace [10], and robotic industries [11]. Many factors, including the
material properties, the cross-sectional shape, and the loading conditions, could affect the
static and free-vibration performance of these structures [12,13]. Using composite materials
with a lower density, higher specific stiffness, and higher specific strength in a structure over
conventional materials could improve these parameters [14,15]. Samal et al. [16] studied
the effect of fiber orientation on the free-vibration performance of glass fiber-reinforced
polymer (GFRP) beams. The authors showed that, as the fiber orientation increased from 0◦
to 90◦, the natural frequencies decreased while the damping ratios increased. Ding et al. [17]
investigated the effect of a square cross-section and fiber orientation on the load-carrying
capacity of carbon fiber-reinforced polymer (CFRP) beams. The results showed that the
number of 0◦ and +45◦ plies could affect the ultimate load-carrying capacity of CFRP
box girders when the total number of layers was the same. The load-carrying capacity of
composite beams can be determined using two widely accepted failure criteria: Tsai–Wu
and Tsai–Hill [18]. Gliszczyski et al. [19] used the Tsai–Wu criterion to estimate the load-
carrying capacity of a GFRP beam under pure bending, while considering the effect of
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different layups. The results indicated that the ply scheme with 50 percent 0◦ plies (e.g.,
[90/0/90/0]S and [0/90/0/90]S) had the highest failure load values. Debski et al. [20]
experimentally estimated the failure load of CFRP channel columns with different ply
schemes under compression loading. The study showed that columns had a higher failure
load when the 0◦ plies were located in the outer surface of the channel.

In this paper, thin-walled laminated composite beams were used to modify the struc-
ture of a 5-DOF (degrees-of-freedom) robot manipulator [21]. This robot was intended
to be used for a crop-monitoring application (phenotyping) and was made of AA and
steel materials; as a result, it was relatively heavy and required powerful motors for its
operation. In farm applications, the deflection and vibration of a manipulator’s end effector
are very important, as the manipulator carries several sensors that measure important
crop traits. Using lightweight materials such as CFRP could reduce the manipulator’s
mass and possibly increase its overall stiffness; this would increase the manipulator’s
natural frequencies, which is important for its application. Parts made of CFRP could
reduce the structural mass up to 70% compared with steel materials [14]. Prior research by
Wyatt et al. [22] showed that a CFRP robot hand had a lower mass compared with steel and
AA hands by about 71% and 41%, respectively. Hagenah et al. [23] used titanium and AA
for a manipulator structure, which resulted in a balanced mass distribution and a desirable
stiffness. Yin et al. [24] developed a hybrid manipulator structure using CFRP and AA. The
study showed that the hybrid structure had better energy conservation, a better driving
ability, and a higher natural frequency than AA and steel structures. Lee et al. [25] created
a manipulator wrist from composite materials instead of AA to enhance its efficiency. In
addition, several researchers have used CFRP to improve parameters such as deflection [26],
load-carrying capacity, and natural frequencies [27,28] in robot structures.

In Section 2 of this paper, the 5-DOF manipulator is introduced. In Section 3, the
results from [17] are used to evaluate the finite element analysis (FEA). Section 4 examines
the composite’s mechanical properties and defines the composite’s structure using FEA
software. Section 5 provides an analysis of the effects of different layups on the beam’s
deflection. In Section 6, the beam’s load-carrying capacity is analyzed using the Tsai–Wu
(TW) and Tsai–Hill (TH) [18] failure criteria. In Section 7, the effects of different layups on
the composite beam’s natural frequency are investigated. In Sections 8 and 9, the selected
layup is used to model the composite robot parts and the robot’s natural frequencies for
AA and CFRP are compared.

2. Robot Manipulator’s Composite Parts

The robot under consideration was a 5-DOF manipulator that was designed, built,
and tested at the University of Saskatchewan for plant monitoring applications [21]. In
Figure 1c, the robot is shown partially as it is being patented. This manipulator had four
rotational joints and one prismatic joint. The robot’s top part was created from two links
connected with a prismatic joint. Each link was about 1.2 m long and the robot’s fully
extended configuration could reach up to about 3 m. Each of the two top links was made of
three AA beams with a length of 1.2 m and a rectangular cross-section of 40 mm × 60 mm.
The resulting multi-cell beam had dimensions of 60 mm × 120 mm. The robot’s end
effector carried several sensors with a total payload mass capacity of about 20 kg. The
robot’s vibration and tip (end effector) displacement affected the sensors’ measurement
performance in terms of the photo quality and the collected data. To obtain a desired
tip deflection and acceptable natural frequencies for vibration, some of the robot’s AA
parts were replaced with composite parts. Two types of thin-walled laminated composite
beams, specifically an I-beam and a rectangular tube, were used in the model. These parts
were used to form three combined squared tubular sections and three combined I sections,
referred to as “SSS” and “III”, respectively. These multi-cell beams were modeled with FEA
using eight layups with CFRP materials. Figure 1a,b show the schematics of the “SSS” and
“III” beams.
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(a) (b)

(c)

Figure 1. Schematic of the 5-DOF robot manipulator and its parts: (a) composite beams with
three squared tubular sections (SSS) for the upper link of the manipulator, (b) composite beams with
three I sections (III) for the upper link of the manipulator, and (c) the 5-DOF robot manipulator.

It should be noted that, while a nuts-and-bolts connection is ideal for connecting AA
beams, for the assembly of composite CFRP beams this type of connection may degrade
the beams’ quality and cause structural damage. Therefore, glue and AA clamps were used
to assemble the CFRP beams. For simplification and modeling, other components such as
motors were not included in the FEA.

3. Verifying the FE Model

The FE model results were verified and compared with the experimental results
reported in [17]. The authors of [17] did a very good job of testing several CFRP beams
and reporting their results. Since we do not currently have the facilities to conduct similar
tests, we decided to rely on the academically reported and peer-reviewed results from [17].
In the near future, we plan to procure experimental facilities and conduct similar static
tests, and add vibrational tests as well. For the vibrational tests, we plan to use several
IMUs (inertia measurement units) to measure the accelerations in different locations of
the manipulator that are induced by an impact or by continuous excitation signals to the
base of the manipulator. Such a vibration test would reveal the natural frequencies and
mode shapes of the manipulator. The experimental results reported in [17] are related to a
three-point bending test on a composite beam. The strain values were measured using a
strain gauge on a specimen with a symmetric layup created from eight 0◦ plies and two 90◦
plies ([0,0,0,0,90]S). To compare with the experimental results, a hollow square composite
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beam with dimensions of 40 × 60 mm and a length of 280 mm was modeled. The beam
was created from ten layers with a total thickness of 2 mm. Figure 2 shows the three-point
bending test schematic setup and the detailed mesh of the CFRP box with its supports.

(a) (b)

Figure 2. Three-point bending test schematic setup and FEA details: (a) the three-point bending test
schematic setup, modeled in FEA, and (b) schematic of the meshed CFRP box beam in FEA.

Numerical modelling of the composite beams was performed using the commercial
finite element analysis software ANSYS (FEA software, Canonsburg, PA, USA) [29]. Solid
elements were used to mesh the composite beams. Specifically, Solid185 was selected for
meshing the CFRP beam. This element is defined by eight nodes with three degrees of
freedom at each node, specifically translations in the nodal x-, y-, and z-directions. The
parts of the beam in contact with the supports were selected as the target surfaces and the
top face of the supports was chosen as the contact surface. Conta174 and Targe170 were
used for meshing the contact and target face. The connections between the supports and
the beam were considered to be frictionless. A mesh convergence study was performed to
verify the accuracy of the FEA, and the results are shown in Table A9. A remote point was
defined at the top support to apply the load. Defining remote points in the selected parts
allowed for the application of loading and displacement. The reference points inside the
two bottom supports were fully constrained to limit their freedom in any direction. The
load values in Table 1 were taken from the literature [17] and the material properties are
given in Table A7. From Table 1, it can be seen that there is a good agreement between the
FEA results and the experimental results from [17].

Table 1. Comparison of the FEA results with the experimental results [17].

Load (N)
Experimental Strain

(10−6) (Specimen D) [17]
FEA Strain (10−6) Difference (%)

435 15 16 6.25

822 44 46 4.35

1225 74 75 1.33

2430 176 180 2.22

2825 181 188 3.72

3226 220 229 3.93

3625 248 235 −5.53

4024 269 285 5.61

4. Effect of Layup on Mechanical Properties of Composite Parts

As mentioned in the Introduction, eight layups were selected to evaluate the effec-
tiveness of CFRP beams in terms of the robot static and free-vibration performance. For
this purpose, the effects of the layup on the mechanical properties of the CFRP beams
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were investigated by following the approaches of Moazed et al. [11] and Ding et al. [17].
These references investigated the role of the layup in the design of CFRP beams to meet
high bending resistance and lightweight design criteria. In these studies, the effect of
increasing the fiber direction in the angle-ply layups (L1 to L3 layups) [11] and adding
plies with fibers at 45◦ and 90◦ (L4 to L8 layups) on the beam’s static and free-vibration
performance [17] was studied. For the mentioned 5-DOF robot, the top link’s bending
deflection had the greatest effect on the sensors’ stability; thus, calculating the equivalent
Young’s elastic modulus (Ex) in the longitudinal direction was of interest. To perform a
more comprehensive analysis, the equivalent shear modulus (Gxy) was also calculated. To
calculate the elastic and shear moduli, Equations (1)–(3) were used [18].

[
a b

bT d

]
=

[
A B
B D

]−1
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where [A], [B], and [D] are the laminate extensional, coupling, and bending stiffness
matrices, respectively, while [a], [b], and [d] refer to the laminate extensional, coupling,
and bending compliance matrices, respectively. Ex is the laminate equivalent of Young’s
modulus in the longitudinal direction, Gxy is the equivalent shear modulus, n is the number
of layers, and t is the layer thickness. As mentioned in Section 2, square tubular sections
and I sections were used to model the robot’s top links. The beam’s equivalent bending
stiffness EIyy (and torsional stiffnesses, GIt) was calculated using Equations (4) and (5) for
the square beam and I-beam, respectively [14].

EIyy =
b f

(a11) f

d2

2
+

2b f

(d11) f
+

2b3
w

12(a11)w
, GIt =

2d2
f d2

(a66) f d f + (a66)wd
(4)

EIyy =
b f

(a11) f

d2

2
+

2b f

(d11) f
+

2b3
w

12(a11)w
(5)

where EIyy is the equivalent bending stiffness about the Y-axis, a11 is the laminate exten-
sional compliance, a66 is the laminate shear compliance, and d11 is the laminate bending
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compliance, as shown in Equations (4) and (5). Figure 3 shows the geometrical details
for the square and I-beams and a laminate schematic depicting the individual plies for
L8 = [02/±45/90]s.

(a) (b) (c)

Figure 3. Beam sections: (a) square beam, (b) I-beam, and (c) laminate schematic of the plies for
L8 = [02/±45/90]s.

Table 2 displays the Ex, Gxy, and EIyy values for the CFRP beams with various layups,
as well as for an AA beam. As shown in this table, the elastic module was (Ex = 71.0 GPa)
for the AA beam and

(
Gxy = 20.7 GPa

)
for the shear model. The CFRP beams with the L1,

L2, L4, L5, L7, and L8 layups had higher Ex values than the AA beam, and the beams with
the L3 and L6 layups had lower Ex values than the AA beam. The CFRP beams with the L3
and L6 layups had a higher Gxy than the AA beam and the beams with the other layups
had lower shear moduli than the AA beam. Overall, the results indicated that increasing
the fiber direction in an angle-ply layup and adding layers in fiber directions other than
zero decreases the equivalent bending stiffness. Equations (1)–(5) and the parameter values
used here were adopted from references [14,18].

Table 2. Mechanical properties for CFRP and AA beams with square and I-shaped cross-sections.

Layup
Ex

(GPa)
Gxy

(GPa)
EISquare

yy

(N m2)

EII−beam
yy

(N m2)

L1 = [0, 0, 0, 0, 0]s 142.0 4.60 27,427.58 23,271.33

L2 = [20,−20]5 90.12 17.43 17,408.40 14,770.42

L3 = [30,−30]5 46.17 27.90 8919.26 7567.68

L4 = [04/ ± 45/04] 117.7 10.84 22,740.67 19,294.84

L5 = [02/ ± 45/0]s 92.71 17.37 17,909.04 15,195.38
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Table 2. Cont.

Layup
Ex

(GPa)
Gxy

(GPa)
EISquare

yy

(N m2)

EII−beam
yy

(N m2)

L6 = [±45/02/ ± 45/02/ ± 45] 67.36 23.42 13,010.45 11,038.71

L7 = [0, 0, 0, 0, 90]s 116.0 4.60 22,391.39 18,998.51

L8 = [02/ ± 45/90]s 71.60 17.37 13,845.24 11,747.56

AA 71.00 20.69 13,713.13 11,635.69

5. Effect of Layups on Beam Deflection

In this section, the effect of the layups on upper link deflection was determined using
FE modelling. For verification purposes, the results obtained from FEA were compared
with the analytical solution results. The FE model geometry, applied loading, and boundary
conditions are shown in Figure 4. The cantilever beams shown in this figure were 1.2 m
long and had cross-sectional dimensions of 120 mm × 60 mm. A concentrated load of
450 N in the z-direction was applied at the free end of the cantilever. The elements adopted
were Solid185 and Solid186. These elements had three degrees of freedom at each node,
specifically translations in the nodal x-, y-, and z-directions, and were either linear, i.e.,
defined by eight nodes (Solid-185), or were a higher order (i.e., quadratic) defined by twenty
nodes (Solid-186). As a default in FE software, the CFRP beams were meshed with Solid185
elements, while the AA beams were meshed with Solid186 elements. The AA and CFRP
material properties, as defined in Tables A7 and A8, were assigned to these FE models.

(a) (b)

Figure 4. Finite element model geometry, applied loading, and boundary conditions: (a) “SSS” beam
schematic, and (b) “III” beam schematic.

The beam’s maximum deflection was calculated from Equation (6), for which the EIyy
values are given in Table 2.

δb =
PL3

3EIyy
(6)

where δb is the maximum bending deflection in the z-direction, P is the applied force, L is
the beam length, and EIyy is the equivalent bending stiffness. Table 3 shows the beam tip
deflection for the different layups as calculated analytically and using FEA.
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Table 3. Comparison between analytical (Equation (6)) and FEA-calculated tip deflection for the
“SSS” and “III” beam.

Layup
“SSS” Beam “III” Beam

δFEA
b (mm) δ(6)

b (mm) Difference% δFEA
b (mm) δ(6)

b ( mm) Difference%

L1 3.13 3.15 0.63 3.66 3.71 1.36

L2 4.93 4.96 0.60 5.81 5.84 0.51

L3 9.72 9.68 0.41 11.5 11.4 0.86

L4 3.91 3.79 3.06 4.59 4.47 2.61

L5 4.89 4.82 1.43 5.75 5.68 1.21

L6 6.67 6.64 0.44 7.85 7.82 0.38

L7 4.08 3.85 5.63 4.81 4.54 5.61

L8 6.31 6.26 0.79 7.40 7.37 0.40

AA 6.34 6.30 0.63 7.33 7.42 1.22

The AA “SSS” beam had a deflection (δFEA
b ) of 6.34 mm and the CFRP “SSS” beams

with the L1, L2, L4, L5, L7, and L8 layups had deflections lower than the AA beam. These
deflections were 3.13, 4.93, 3.91, 4.89, 4.08, and 6.31 mm, respectively, as shown in Table 3.
The CFRP beams with L3 and L6 layups had higher deflections than the AA beam. More
specifically, the L1 layup, with ten 0◦ plies, as well as the L4 and L7 layups, with eight
0◦ plies, had the lowest deflections. The L3 and L6 layups, with ten 30◦ plies and six 45◦
plies, respectively, had the highest deflections, showing that adding layers with fibers in
directions other than 0◦ will increase beam deflection. Similarly, the same trends were
noted for the CFRP “III” beams. For the AA “III” beam, the tip deflection was 7.33 mm,
versus 3.66, 5.81, 4.59, 5.75, and 4.81 mm for the L1, L2, L4, L5, and L7 layups, respectively,
as shown in Table 3. Equation (7) was used to calculate the differences in Table 3:

Difference% =

∣∣∣∣∣ δFEA
b − δ

(6)
b

δFEA
b

× 100

∣∣∣∣∣ (7)

The values for the difference percentages provided in Table 3 ranged from 0% to 5.63%.
These differences were due to the fact that the analytical solution did not take into account
the effects of shear and warping deformations. As mentioned in Section 4, the square beam
was 1.17 times stiffer than the I-beam, and Equation (8) was used to express the relationship
between the “SSS” and “III” beams. For example, the relationship between the beams in
the L1 layup was as follows:

(
EISSS
EIII I

)
Analytical

= (
δI I I
δSSS

)
FEA

→ 82282.5
69813.9

=
3.66 mm
3.13 mm

≈ 1.17 (8)

where EISSS and δSSS are the equivalent bending stiffness and deflection values for the
“SSS” beam with the L1 layup, respectively, and EIII I and δI I I are the equivalent bending
stiffness and deflection values for the “III” beam with the L1 layup, respectively. In addition
to the comparisons between the deflection of the AA and CFRP beams, the AA “SSS” and
“III” beams had masses of 3.81 kg and 2.73 kg, whereas the CFRP “SSS” and “III” beams
had masses of 2.19 kg and 1.56 kg, respectively. These results show that the “SSS” beams
were 1.17 times stiffer and 1.40 times heavier than the “III” beams. The results presented in
this section indicate that using CFRP beams in a robot’s upper link structure could decrease
the tip deflection and mass of the structure. See the discussions before Equation (7).
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6. Failure Index

The aim here was to determine the first ply failure of the CFRP beams, specifically
under bending. When bending is applied to a CFRP beam, all three stress components
(tensile, compressive, and shear) are induced (see Appendix A.2). The allowable strength
(or failure stress) is the combined effect of these stress components. Therefore, it was
assumed that failure would happen in the CFRP beams when the first ply reached the
allowable strength. Two failure criteria for fiber-reinforced materials, specifically Tsai–Hill
and Tsai–Wu, were used to determine the failure indices [18].

In order to use a failure criterion, it is necessary to calculate the stress components in
the fiber direction or a local coordinate system (1, 2), as shown in Figure 5. For this purpose,
the analytical method from [14] was adopted; the details of the stress analysis are presented
in Appendix A.1. Also, for verification purposes, the results obtained analytically here
were compared with the FEA results. This comparison is reported in Appendix A.2.

Figure 5. Local and global axes of an angle lamina.

The first failure criterion applied was Tsai–Hill, which was developed based on von
Mises–Henky’s distortion energy theory. The Tsai–Hill failure criterion for composites is as
follows [18]:

σ2
1

F2
1
+

σ2
2

F2
2
− (σ1σ2)

F2
1

+
σ2

12
F2

6
= FI (9)

where FI is the failure index, σ1 is the ply’s longitudinal stress in the fiber direction (1 in
Figure 5), σ2 is the ply’s transverse stress (2 in Figure 5), and σ12 is the ply’s shear stress
in local coordinates (1, 2) as shown in Figure 5. Here, F1 and F2 refer to the tensile yield
strengths in directions 1 and 2, respectively, and F6 is the shear strength. To account for the
difference between the tensile and compressive strengths, the modified Tsai–Hill approach
was proposed, where F1t, F1c, F2t, and F2c are the longitudinal tensile and compressive
strengths, respectively:

F1 =

{
F1t when σ1 > 0
F1c when σ1 < 0

(10)

F2 =

{
F2t when σ2 > 0
F2c when σ2 < 0

(11)

An alternative approach was to use the Tsai–Wu criterion as expressed below:

f11σ2
1 + f22σ2

2 + 2 f12(σ1σ2) + f66σ2
12 + f1σ1 + f2σ2 = FI (12)

where f1= 1
F1t

− 1
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, f2 = 1
F2t

− 1
F2c

, f11 = 1
F1t F1c

, f22 = 1
F2t F2c

, f12 = −0.5
√

f11 f22 , and

f66 = 1
F2

6
are the coefficients obtained from the shearing and uniaxial strength tests [18].

Here, f12 is a coefficient which represents a biaxial composite beam strength in the longi-
tudinal and transverse directions. The main difference between these criteria is that the
Tsai–Wu criterion accounts for the interactions and differences between stresses, but re-
quires biaxial testing to define f12. Using the failure index defined in Equations (9) and (12),
a safety ratio (SR) was defined as shown below:

SR =
1
FI

(13)
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The safety ratio is a multiplier that determines when a failure occurs for a given load.
For example, a safety ratio of 1.4 indicates that a failure will occur in a composite structure
if the applied load, or moment, is increased by 40%.

As shown in Figure 6, the “SSS” and “III” beams were modelled using the FEA
software, and a moment (My = 3500 Nm) was applied at the free end of the beams about the
Y-axis to calculate the load-carrying capacity of the manipulator. The moment value was
determined based on the manipulator’s fully extended operational configuration: when
the distance between the manipulator’s end effector and its base was about 3 m in the
x-direction, and the end effector’s mass was about 20 kg. In order for one of the layups to
meet a failure criterion, the moment value employed in the strength analysis was selected
to be nearly six times this magnitude (e.g., the “III” beam with the L3 layup). The FEA
results were reported for a point in the middle of the beam, at a sufficient distance away
from the boundary condition effects.

Tables 4 and 5 compare the plies with the minimum safety ratios in each layup, where
SRana

TW and SRana
TH refer to the analytical Tsai–Wu and Tsai–Hill safety ratios, respectively; the

methods are explained in Appendix A.1. The analytical results obtained were compared
with the FEA results, as presented in Tables A1–A4 in Appendix A.2. For comparison, the
von Mises stress was used in the FEA software to calculate the AA beam’s safety ratio. Also,
since the beam was under moment loading about the Y-axis, the top and bottom flanges
(layers) of the beam were under tension and compression, respectively.

Table 4. Comparison of plies with minimum safety ratios (SRs) for the “SSS” and “III” beams (flange
under tension); see Figure 3c for a laminate stacking sequence sample.

Layup
Ply No.
(Angle)

“SSS” (Tension) “III” (Tension)

SRana
TW SRana

TH SRana
TW SRana

TH

L1 Ply 1 (0◦) 11.3 11.3 9.39 9.39

L2 Ply 1 (20◦) 4.51 4.26 3.73 3.53

L3 Ply 1 (30◦) 2.18 1.89 1.80 1.56

L4 Ply 5 (45◦) 6.36 6.39 5.21 5.25

L5 Ply 3 (45◦) 4.82 4.91 3.99 4.06

L6 Ply 1 (45◦) 3.36 3.47 2.85 2.89

L7 Ply 5 (90◦) 3.99 4.10 3.30 3.39

L8 Ply 5 (90◦) 2.35 2.66 1.94 2.20

AA 1.55 1.36

(a) (b)

Figure 6. Proposed multi-cell beams subjected to bending loads: (a) “SSS” beam under the bending
moment, and (b) “III” beam under the bending moment.
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Table 5. Comparison of plies with minimum safety ratios (SRs) in “SSS” and “III” beams (flange
under compression); see Figure 3c for a laminate stacking sequence sample.

Layup
Ply No.
(Angle)

“SSS” “III”

SRana
TW SRana

TH SRana
TW SRana

TH

L1 Ply 1 (0◦) 6.57 6.57 5.43 5.43

L2 Ply 1 (20◦) 2.14 2.62 1.77 2.17

L3 Ply 1 (30◦) 1.23 1.45 1.02 1.20

L4 Ply 1 (0◦) 4.34 5.13 3.59 4.25

L5 Ply 1 (0◦) 3.12 3.83 2.59 3.17

L6 Ply 3 (0◦) 2.20 2.73 1.81 2.26

L7 Ply 1 (0◦) 6.61 5.33 5.48 4.41

L8 Ply 1 (0◦) 3.30 3.32 2.72 2.73

AA 1.55 1.36

From Table 4, the AA “SSS” and “III” beam safety ratios were 1.55 and 1.36, respectively.
For the “SSS” and “III” beams with the L1, L2, L3, and L6 layups, the first ply (or the beams’
outer ply) had the lowest SR; this can be considered failure initiation under tension. In
addition, for the “SSS” and “III” beams with the L4, L7, and L8 layups, the fifth ply (from
the beams’ outer ply) had the lowest SR. In beams with the L5 layup, the third ply (from
the beams’ outer ply) had the lowest SR. Furthermore, as shown in Table 4 for the “SSS”
and “III” beams under tension, the safety ratios for L1 and L3 decreased as the fiber
direction changed from 0◦ to 30◦; also, the layups L1, with ten plies at 0◦, and L3, with ten
plies at 30◦, had the highest and lowest safety ratios among all eight layups, respectively.
The safety ratio dropped incrementally for the L1, L4, L5, and L6 layups, for which the
number of 0◦plies decreased incrementally from ten to four. When comparing L1 and L4
([04/±45/04]), with two 45◦ plies, and L7 ([0, 0, 0, 0, 90]s), with two 90◦ plies, the safety
ratio increased and subsequently decreased. Furthermore, when comparing L7 and L8
layups, both with an equal number of 90◦ plies, but with L8 having additional 45◦ plies, L8
had a decreased safety ratio. Overall, the results indicated that, for the beam under tension,
increasing the fiber direction from 0◦ to 30◦ in angle-ply layups, decreasing the number of
0◦ plies, and adding ±45◦ and 90◦ plies decreased the load-carrying capacity (or SR) for
both the “SSS” and “III” beams.

Table 5 shows a comparison of plies with the minimum safety ratio in “SSS” and “III”
beams when the beam’s flange (layer) is under compression. For the “SSS” and “III” beams
with the L1, L2, L3, L4, L5, L7, and L8 layups, the first ply (or the beams’ outer ply) had the
lowest SR, while in beams with L6 layup, the third ply (from the beams’ outer ply) had the
lowest SR. Comparing Tsai–Wu and Tsai–Hill criteria showed that, for the L1 layup with
all plies at 0◦, both criteria estimated a similar safety ratio; the SR differed for cases where
the stress interactions were higher because of fibers that were oriented in a direction other
than zero.

7. Effect of Layup on Composite Beam’s Natural Frequency

This section investigates the effects of different layups on the natural frequencies of the
AA and CFRP “SSS” and “III” beams. To calculate the natural frequencies in the composite
beams, the two methods reported in [14] were adopted. The first method is based on
classic beam theory (CBT) and the second method is based on first shear deformation
theory (FSDT). To consider the effect of shear deformation, an approximate method was
used to calculate the fundamental natural frequency. Equations (14)–(17) were used to
calculate the fundamental natural frequency for a cantilever beam. As shown in Figure 1,
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the multi-cell-section beams were symmetric about the Z-axis. The beam’s fundamental
natural frequency in the xz-plane, due to lateral vibration, is given by the following [14,28]:

wb =

√√√√EIyy.(1.875)4

ρ.L4 (14)

ws =

√√√√SZZ.(π
2 )

2

ρ.L2 (15)

1
w2

y
=

1
w2

b
+

1
w2

s
(16)

f =
wy

2π
(17)

In Equation (14), wb is the natural frequency of lateral vibration in the xz-plane
for a cantilever beam undergoing bending deformation, EIyy is the equivalent bending
stiffness about the Y-axis, ρ is the mass per unit length, and L is the beam length. In
Equation (15), ws is the natural frequency of the beam due to tortional motion (considering
shear deformation), where SZZ is the equivalent shear stiffness, as defined in Appendix A.3.
In Equation (16), wy is the approximate combined natural frequency of vibration in the
xz-plane. This solution was obtained from Föpplms theorem [14], developed for esti-
mating the buckling load for elastic structures. Table 6 shows the fundamental natural
frequencies for AA and the eight layups discussed earlier for the “SSS” and “III” section
beams. The difference was calculated using Equation (18). Here, f CBT

b was obtained from
Equations (14) and (17), and f FSDT

y was obtained using Equations (16) and (17), respec-
tively. Note that wy gives the frequency in rad/s, while f is the frequency in Hz. Because
the manipulator top links were made out of three beams, the EIyy values in Table 6 are
three times higher than the EIyy values found in Table 2.

Difference =

∣∣∣∣∣ f FEA
b − f FSDT

y

f FEA
b

∣∣∣∣∣× 100 (18)

Table 6. Fundamental natural frequencies of the eight different layups for “SSS” and “III” cantilever
beams (see Table 2 for details of layups).

Layup

“SSS” Beam “III” Beam

EISSS
yy

(N m2)
fCBT
b (Hz) fFSDT

y (Hz) fFEA
b (Hz)

Difference
(%)

EIIII
yy

(N m2)
fCBT
b (Hz) fFSDT

y (Hz) fFEA
b (Hz)

Difference
(%)

L1 82,282.5 82.1 78.4 78.6 0.25 69,813.9 89.9 83.4 83.7 0.36

L2 52,225.2 65.4 64.9 65.9 1.52 44,311.2 71.6 70.7 71.3 0.84

L3 26,757.6 46.8 46.7 47.9 2.51 22,703.0 51.3 51.0 51.6 1.16

L4 68,221.8 74.8 73.5 73.6 0.14 57,884.4 81.9 79.6 79.0 0.76

L5 53,727.1 66.4 65.8 66.0 0.30 45,586.1 72.6 71.6 71.7 0.14

L6 39,031.4 56.6 56.3 56.6 0.53 33,116.1 61.9 61.4 61.5 0.16

L7 67,173.9 74.2 71.4 71.5 0.14 56,995.5 81.2 76.3 76.5 0.26

L8 41,535.7 58.4 58.0 58.0 0.00 35,242.6 63.9 63.2 63.1 0.15

AA 41,139.3 44.1 44.1 44.1 0.00 34,907.1 48.3 48.1 48.1 0.00

From Equation (14), it can be seen that the angular natural frequency is proportional
to the beam’s equivalent bending stiffness and inversely proportional to the beam’s mass,
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as expected. When comparing the natural frequencies of the “III” and “SSS” section beams,
the “III” section beam with the lower mass had a greater natural frequency than the “SSS”
section beam. Also, among L1 to L8, the L1 layup, with ten 0◦ plies, and the L4 and
L7 layups, with eight 0◦ plies, had the highest fundamental natural frequencies. From
Table 6, it can be observed that CFRP beams with all eight layups had higher fundamental
natural frequencies than the AA beam. By comparing the CBT and FSDT results, it can be
observed that the CBT method overestimated the natural frequencies and the FSDT method
underestimated the natural frequencies when compared with the FEA results. The f FSDT

y

and f FEA
b results were in a good agreement, with a maximum difference of less than 3%.

8. Selecting the Best Layup for Composite Parts

The next stage was to select the ideal layup and cross-section for the manipulator’s
composite parts after calculating the deflection, load capacity, and natural frequency. The
“SSS” beam had a lower deflection and a higher safety ratio, whereas the “III” beam had a
higher natural frequency and a lower weight. As demonstrated in [11], the “SSS” beam
had a smaller angle of twist under torsional loading than the “III” beam. Therefore, both
cross-sections were suitable for the manipulator’s top link. In this study, the “SSS” beam
was selected to model the robot’s top link in order to perform a modal analysis on the
5-DOF robot. Also, the L1 ([0, 0, 0, 0, 0]s), L4 [04/±45/04], and L7 ([0, 0, 0, 0, 90]s) layups
were found to have the best values in terms of the minimum deflection, the plies with the
highest minimum safety ratio, and the highest natural frequencies, so these three layups
were selected for this analysis.

Considering the “SSS” section, the L1 layup, with ten 0◦ plies, had the lowest tip
deflection (δb = 3.15 mm), the highest safety ratio (SRTW = 6.57), and the highest funda-
mental natural frequency ( f FSDT

y = 78.4 Hz). Table 7 shows that, in terms of deflection and
natural frequency, L4 and L7 had similar values, but the L7 safety ratio under compression
was 52% greater than the L4 safety ratio. Considering the mentioned specifications, L7,
with two 90◦ plies and eight 0◦ plies, and L1, with ten 0◦ plies, could be ideal layups for
creating the manipulator’s composite parts. In the following section, the CFRP “SSS” beam
with the [0, 0, 0, 0, 90]s layup was used to perform the modal analysis on the CFRP 5-DOF
manipulator in order to estimate possible improvements in terms of the structural mass
and the fundamental natural frequency compared with the AA 5-DOF manipulator.

Table 7. Design criteria values for selected layups with the “SSS” cross-section.

Layups EISSS
yy (N·m2) δb (mm) SRTW (Compression) wFSDT

y (Hz)

L1 = [0, 0, 0, 0, 0]s 82,282 3.15 6.57 78.4

L4 = [04/±45/04] 68,221 3.79 4.34 73.5

L7 = [0, 0, 0, 0, 90]s 67,173 3.85 6.61 71.4

9. Modal Analysis of the Manipulator

In this section, three configurations for the 5-DOF manipulator, which are common
operating conditions, were considered for the modal analysis. Figure 7 shows these
three configurations. The aim here was to determine the natural frequencies and their
corresponding mode shapes. From the three configurations presented, the fully extended
Configuration 3 (Figure 7c) was the most important one, as it was the manipulator’s
working (crop monitoring) pose. Configuration 2 was the manipulator’s transport mode
(Figure 7b) and Configuration 1 (Figure 7a) was the manipulator’s occasional use pose. In
Figure 7, the green parts are AA clamps, and all members are in the xz-plane.
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(a) (b) (c)

Figure 7. The 5-DOF robot manipulator’s common operating configurations: (a) Configuration 1,
(b) Configuration 2, and (c) Configuration 3.

The original manipulator [21] base was made out of steel and its top link was created
from AA. The aim here was to investigate the impact of using CFRP for the top links on
the manipulator’s free vibration via modal analysis. For this purpose, the robot’s top links
were replaced with thin-walled laminated CFRP beams. Figure 8a,b depict the top link
models made of AA and CFRP materials, respectively. The Solid186, CONTA174, and
TARGE170 element types were used to mesh the AA model, and the Solid185, CONTA174,
and TARGE170 element types were used to mesh the CFRP model. To mesh the CFRP
“SSS” section top link, 104,912 elements were used, and to mesh the AA “SSS” section
top link, 26,242 elements were used. The difference in the total number of elements was
due to the fact that the composite beam, with a total thickness of 2 mm, was formed by
stacking 10 CFRP layers, each with a thickness of 0.2 mm (Figure 8a). Each layer was
meshed separately with a mesh-seed equal to 0.2 mm. The AA beam was defined with a
thickness of 2 mm and a beam cross-section meshed with a mesh-seed that was equal to
the cross-sectional thickness of close to 2 mm. Comparing the CFRP “SSS” section beam
with the AA beam, the element ratio was 10:1 in the direction of the thickness. In addition,
the joint between the beams was modeled as a fixed joint.

(a) (b)

Figure 8. Mesh details for top link models created from AA and CFRP materials: (a) cross-sections of
CFRP and AA beams, and (b) schematic of the 5-DOF robot manipulator’s top link.

In the final step, the CFRP and AA beams were incorporated into the rest of the
manipulator with a steel body. Table 8 shows the first six natural frequencies of the AA and
composite CFRP manipulators. Figures 9 and 10 show the first mode shape for the three
configurations. Higher mode shapes are given in Appendix C.
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Table 8. Natural frequencies of the AA and CFRP manipulators under three configurations (Hz).

Mode
CFRP Robot
1st Config.

AA Robot
1st Config.

1st Config
Difference (%)

CFRP Robot
2nd Config.

AA Robot
2nd Config.

2nd Config
Difference (%)

CFRP Robot
3rd Config.

AA Robot
3rd Config.

3rd Config
Difference (%)

1 5.33 4.46 19.5 14.6 12.4 17.7 10.3 8.63 19.3

2 17.9 16.9 5.92 20.5 19.2 6.77 18.2 17.1 6.43

3 35.2 30.3 16.1 45.0 40.6 10.8 24.8 20.7 19.8

4 55.7 48.7 14.3 64.6 64.1 0.78 63.5 61.3 3.59

5 60.5 60.1 0.67 95.1 94.1 1.06 66.1 63.3 4.42

6 95.5 95.1 0.42 97.3 94.6 2.85 94.3 93.8 0.53

(a) (b)

(c)

Figure 9. First mode shapes of the CFRP manipulator: (a) first configuration, (b) second configuration,
and (c) third configuration.

The difference percentages in Table 8 were computed using Equation (19), where
wCFRP is the natural frequency of the CFRP manipulator and wAA is the natural frequency
of the AA manipulator.

Difference =

∣∣∣∣wAA − wCFRP
wAA

∣∣∣∣× 100 (19)

As mentioned earlier, the third configuration was the most important pose. Looking
at the natural frequencies in Table 8 and their mode shapes, the first natural frequency of
the CFRP robot was the bending vibration around the Z-axis in the xy-plane, in which the
top links had the largest contribution. The second natural frequency was a mixed vibration
mode formed by two vibration types: first, the rotational vibration around the Z-axis; and
second, the bending around the Y-axis. The third and fourth natural frequencies were the
bending vibrations around the Y-axis, with the top links having the largest displacement.
Also, from the mode shapes in Appendix C, it can be seen that the robot’s top links had
the largest contribution among the robot components from the first to the fourth natural
frequencies. Thus, the top links were the parts that were prone to vibration.
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(a) (b)

(c)

Figure 10. First mode shapes of the AA manipulator: (a) first configuration, (b) second configuration,
and (c) third configuration.

Table 8 shows the improvement in the fundamental natural frequencies achieved by
using CFRP beams in the manipulator’s structure. In the third configuration, the natural
frequencies from the first mode to the third mode increased by 19.3%, 6.43%, and 19.8%,
respectively. Furthermore, the CFRP manipulator’s mass was 51.8 kg, while the AA robot’s
mass was 55.2 kg, indicating a 6.15% difference in the structural mass. Overall, the natural
frequencies and mode shapes depended on the mass and stiffness distributions of the
structure. The structure with the higher stiffness and lower mass had the highest natural
frequency. Therefore, the analysis above indicates that it is critical to decrease the top link
mass as much as possible while meeting the load-carrying capacity requirements.

10. Conclusions

This study investigated the effects of thin-walled laminated CFRP beams on the static
and free-vibration performance of a 5-DOF manipulator. The effects of using composite
materials were considered in terms of the fundamental natural frequency, load-carrying
capacity, and structural mass, and were compared with the 5-DOF aluminum alloy (AA)
manipulator. It was shown how the cross-sections and layups can affect these parameters.
For this purpose, AA and CFRP beams with eight layups were used to determine the
structural efficiency of composite materials for a 5-DOF manipulator.

A beam safety ratio was introduced using the Tsai–Wu and Tsai–Hill failure criteria.
The fundamental natural frequencies were determined using the classical beam and shear
deformation theories. Three-dimensional finite element models using linear and quadratic
solid elements were employed, and results were compared with the analytical results.
Three working configurations of the 5-DOF manipulator were investigated using a modal
analysis, and the results were reported for the CFRP and AA models. Overall, this study
showed that changing the fiber direction from 90◦ to 0◦ in an angle-ply layup and adding
more 0◦ plies while keeping the overall numbers of layers the same decreased the deflection
and increased the natural frequency and load-carrying capacity. Replacing parts of an AA
manipulator with CFRP can increase the fundamental natural frequencies by 19% and can
decrease the structure mass by about 6.15%. See the discussions in Section 5 for details. It
was shown that CFRP can be used to improve the performance of a manipulator made of
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AA, without compromising its performance or structural integrity and while producing
moderate gains in efficiency, i.e., increasing the natural frequency, which was desirable for
this application.
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Appendix A. Detail of Stress Analysis and Verification for Laminated

Composite Beam

Appendices A.1 and A.2 include the details on the stress analysis calculations and
verification for Section 6. The square beam and I-beam equivalent shear stiffness equations,
which were used in Section 7, are presented in Appendices A.3 and A.4, which show the
calculation steps related to the composite beam’s equivalent bending and shear stiffness.

Appendix A.1. Stress Analysis of Laminated Composite Beam Details

To calculate the stress and strain components for the laminated composite beams, the
method in [14] was used, as described below:

Using the classical laminate theory, the laminate stiffness and compliance matrix were
calculated. In Equations (A1) to (A2), Aij is the laminate in-plane stiffness that relates the
in-plane forces Nx, Ny, and Nxy to the in-plane deformations ε0

x, ε0
y, and γ0

xy. Dij is the
bending stiffness that relates the moments Mx, My, and Mxy to the curvatures Kx, Ky, and
Kxy. Bij is the in-plane coupling stiffness.

⎡
⎢⎢⎢⎢⎢⎢⎣

Nx
Ny
Nxy
Mx
My
Mxy

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

A11 A12 A16
A12 A22 A26
A16 A26 A66

B11 B12 B16
B12 B22 B26
B16 B26 B66

B11 B12 B16
B12 B22 B26
B16 B26 B66

D11 D12 D16
D12 D22 D26
D16 D26 D66

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ε0
x
ε0

y
γ0

xy
kx
ky
kxy

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(A1)

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ε0
x
ε0

y
γ0

xy
kx
ky
kxy
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⎡
⎢⎢⎢⎢⎢⎢⎣

a11 a12 a16
a12 a22 a26
a16 a26 a66

b11 b12 b16
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b11 b12 b16
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d11 d12 d16
d12 d22 d26
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⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

Nx
Ny
Nxy
Mx
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Mxy

⎤
⎥⎥⎥⎥⎥⎥⎦

(A2)
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Thin-walled laminated beams are created from a number of segments. Using the
below equation, the beam’s equivalent stiffness and compliance matrices were calculated.
In Equations (A3) and (A4), Rk and Ok are the stiffness matrix components of each seg-
ment of a thin-walled beam; Rk is the transformation matrix, which transforms the wall
segment geometry to the global coordinate system; Ok is the wall segment stiffness matrix
component; and the index k refers to the wall segment number.

[Rk] =

⎡
⎢⎢⎣

1
0
0
0

zk
cosαk
sinαk

0

yk
−sinαk
cosαk

0

0
0
0
1

⎤
⎥⎥⎦ (A3)

[Ok] =
1
bk
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a11
0
0
0

0
d11
0

−d13
2

0
0
12

A11b2
k

0

0
−d13

2
0

d33
4

⎤
⎥⎥⎥⎦ (A4)

The total stiffness matrix of the beam [P] is given by Equation (A5):

[P] =
n

∑
K=1

[Rk]
[

Rk]
T [Ok]

−1 (A5)

The compliance matrix of the beam [W] is given by the below equation:

[W] = [P]−1 (A6)

By substituting the obtained compliance matrix into Equation (A7), the beam’s axial
and bending strain components could be calculated as shown below:⎡

⎢⎢⎢⎢⎢⎢⎢⎣

ε0
x

ε0
y

γ0
xy

kx
ky
kxy

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
= W

⎡
⎢⎢⎢⎢⎢⎢⎣
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Nxy
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Mxy

⎤
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(A7)
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xy
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⎡
⎣ σx
σy
σxy

⎤
⎦ =

⎡
⎣Q11 Q12 Q16

Q12 Q22 Q26
Q16 Q26 Q66

⎤
⎦
⎡
⎣ εx

εy
γxy

⎤
⎦ (A9)

Appendix A.2. Comparison of Analytical Safety Ratios with FEA Results

The analytically estimated safety ratios were compared to the FEA results in this
appendix (related to Section 6). In Tables A1–A4, σ1, σ2, and σ12 are local stress components
that were determined analytically. It should be noted that the FEA results were reported for
a point in the middle of the beam, at a sufficient distance away from the effects of boundary
conditions. Tables A1 and A3 show the safety ratios and stress components for a flange
under tension for the “SSS” and “III” beams, while Tables A2 and A4 show the safety ratios
and stress components for a flange under compression for the “SSS” and “III” beams. In
the below tables, SRana

TW and SRana
TH refer to the analytical safety ratios calculated using the

Tsai–Wu and Tsai–Hill methods, respectively, while SRFEA
TW and SRFEA

TH are the FEA safety
ratios calculated using the Tsai–Wu and Tsai–Hill methods, respectively.
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Table A1. Comparison of plies with minimum safety ratios (SRs) for the “SSS” beam (flange under
tension; stress values are in MPa); see Figure 3c for a laminate stacking sequence sample.

Layup Ply No. (Angle) σ1 (MPa) σ2 (MPa) σ12(MPa) SRana
TW SRFEA

TW SRana
TH SRFEA

TH

L1 Ply 1 (0◦) 167 0 0 11.3 10.4 11.3 10.4

L2 Ply 1 (20◦) 182 −14.7 −13.0 4.51 4.27 4.26 4.02

L3 Ply 1 (30◦) 190 −23.1 −35.0 2.18 2.06 1.89 1.80

L4 Ply 5 (45◦) 440 3.44 −10.0 6.36 5.85 6.39 5.88

L5 Ply 3 (45◦) 41.8 3.43 −13.7 4.82 4.46 4.91 4.54

L6 Ply 1 (45◦) 41.1 4.23 −19.8 3.36 3.15 3.47 3.22

L7 Ply 5 (90◦) −12.4 12.4 0 3.99 3.68 4.10 3.79

L8 Ply 5 (90◦) −96.2 18.5 0 2.35 2.14 2.66 2.42

Table A2. Comparison of plies with minimum safety ratios (SRs) for the “SSS” beam (flange under
compression; stress values are in MPa); see Figure 3c for a laminate stacking sequence sample.

Layup Ply No. (Angle) σ1 (MPa) σ2 (MPa) σ12(MPa) SRana
TW SRFEA

TW SRana
TH SRFEA

TH

L1 Ply 1 (0◦) −167 0 0 6.57 6.04 6.57 6.04

L2 Ply 1 (20◦) −181 14.6 12.9 2.14 2.01 2.62 2.44

L3 Ply 1 (30◦) −190 23.1 34.9 1.23 1.16 1.45 1.38

L4 Ply 1 (0◦) −200 3.22 −0.46 4.34 4.05 5.13 4.77

L5 Ply 1 (0◦) −254 5.83 0 3.12 2.94 3.83 3.58

L6 Ply 3 (0◦) −345 9.21 0.27 2.20 2.05 2.73 2.54

L7 Ply 1 (0◦) −206 −3.04 0 6.61 6.02 5.33 4.93

L8 Ply 1 (0◦) −331 0.04 0 3.30 3.06 3.32 3.06

Table A3. Comparison of plies with minimum safety ratios (SRs) for the “III” beam (flange under
tension; stress values are in MPa); see Figure 3c for a laminate stacking sequence sample.

Layup Ply No. (Angle) σ1 (MPa) σ2 (MPa) σ12(MPa) SRana
TW SRFEA

TW SRana
TH SRFEA

TH

L1 Ply 1 (0◦) 202 0 0 9.39 8.89 9.39 8.89

L2 Ply 1 (20◦) 219 −17.7 −15.6 3.73 3.32 3.53 3.14

L3 Ply 1 (30◦) 229 −27.8 42.2 1.80 1.63 1.56 1.42

L4 Ply 5 (45◦) 49.7 4.31 12.1 5.21 4.94 5.25 4.97

L5 Ply 3 (45◦) 50.7 4.13 −16.6 3.99 3.75 4.06 3.83

L6 Ply 1 (45◦) 49.7 5.11 23.9 2.85 2.65 2.89 2.71

L7 Ply 5 (90◦) −15 14.9 0 3.30 3.13 3.39 3.19

L8 Ply 5 (90◦) −116 22.3 0 1.94 1.84 2.20 2.07
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Table A4. Comparison of plies with minimum safety ratios (SRs) for the “III” beam (flange under
compression; stress values are in MPa); see Figure 3c for a laminate stacking sequence sample.

Layup Ply No. (Angle) σ1 (MPa) σ2 (MPa) σ12(MPa) SRana
TW SRFEA

TW SRana
TH SRFEA

TH

L1 Ply 1 (0◦) −202 0 0 5.43 5.14 5.43 5.14

L2 Ply 1 (20◦) −219 17.7 15.7 1.77 1.55 2.17 1.88

L3 Ply 1 (30◦) −229 27.8 42.2 1.02 0.91 1.20 1.06

L4 Ply 1 (0◦) −242 3.89 −0.56 3.59 3.21 4.25 3.90

L5 Ply 1 (0◦) −307 7.04 0.02 2.59 2.31 3.17 2.88

L6 Ply 3 (0◦) −417 11.1 0.32 1.81 1.71 2.26 2.13

L7 Ply 1 (0◦) −248 −3.67 0 5.48 5.14 4.41 4.11

L8 Ply 1 (0◦) −400 0.04 0.03 2.72 2.63 2.73 2.59

Appendix A.3. Shear Compliances and Stiffness Equations for Square and I-Beams

Related to Sections 4 and 7, Equations (A10) and (A11) can be used to calculate the
square beam and I-beam equivalent shear compliances (ŝZZ), respectively. In Equation
(A12), SZZ is the beam’s equivalent shear stiffness, which is equal to the inverse of ŝZZ.

ŝZZ =
a66

2d
+

a66.df

6d2(1 + a11d
3a11df

)
2 (A10)

ŝZZ =
a66

d
+

a66.bf

6d2(1 + a11d
6a11bf

)
2 (A11)

SZZ = [ŝZZ]
−1 (A12)

Appendix A.4. Details on Calculating the Equivalent Bending and Shear Stiffness of a
Composite Beam

This section explains the steps for calculating the equivalent bending and shear stiff-
ness of a CFRP square beam, which are related to Sections 4 and 7. The compliance matrix
components for a laminate with a [0/0/0/0/0]s layup are shown in Table A5.

Using the data in Tables A5 and A6 and Equation (4), the equivalent bending stiffness(
EIyy

)
for a square beam is 27,427.58 (N·m2).

Table A5. Laminate with [0/0/0/0/0]s layup compliance components.

a11 ( mm
N ) a66 ( mm

N ) d11 ( 1
N· mm )

3.52 × 10−6 1.08 × 10−4 1.05 × 10−5

Table A6. Square beam geometrical dimensions (mm) (Note: the cross-sectional details are shown in
Figure 3).

Layup d bw bf df

[0/0/0/0/0]s 58 56 40 38

Similarly, the square beam equivalent shear compliance and stiffness can be deter-
mined using Equations (A10) and (A12). The equivalent shear compliance for a square
beam with a [0/0/0/0/0]s layup is 1.02693 × 10−6 (1/N), and the equivalent shear stiffness
is 973,778.40 (N).
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Appendix B. Material Properties

Table A7. Material properties, FAW200 prepreg moduli, and strength parameters from [17].

Property Carbon Fiber-Reinforced Epoxy (CFRP)

Longitudinal modulus, E1 [GPa] 142

Transverse modulus, E2 [GPa] 9

Out-of-plane modulus, E3 [GPa] 9

In-plane shear modulus, G12 [GPa] 4.6

Out-of-plane shear modulus, G23 [GPa] 3.08

Out-of-plane shear modulus, G13 [GPa] 4.6

Major in-plane Poisson’s ratio v12 0.32

Out-of-plane Poisson’s ratio v23 0.46

Out-of-plane Poisson’s ratio v13 0.32

Longitudinal tensile strength, F1t [MPa] 1900

Transverse tensile strength, F2t [MPa] 51

Out-of-plane tensile strength, F3t [MPa] 51

Longitudinal compressive strength, F1c [MPa] 1100

Transverse compressive strength, F2c [MPa] 130

Out-of-plane compressive strength, F3c [MPa] 130

In-plane shear strength, F6 [MPa] 72

Out-of-plane shear strength, F4[MPa] 70

Out-of-plane shear strength, F5 [MPa] 72

Table A8. Steel and T 6061-T6 aluminum alloy mechanical properties [18].

Property Steel Aluminum Alloy

E(GPa) 200 71

G (GPa) 76.92 20.69

v 0.3 0.33

Appendix C. CFRP Manipulator Mode Shapes

The natural frequencies and corresponding mode shapes for the 5-DOF manipulator
with the CFRP material top links are given in Figures A1–A3 for the three configurations
discussed in Section 9. The natural frequencies and mode shapes given here are the
eigenvalues and eigenvectors obtained from FEA software for free vibration.
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(a) (b)

(c) (d)

(e)

Figure A1. Natural frequencies and corresponding mode shapes for the CFRP 5-DOF manipulator in
Configuration 1: (a) second frequency, (b) third frequency, (c) fourth frequency, (d) fifth frequency,
and (e) sixth frequency.
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(a) (b)

(c) (d)

(e)

Figure A2. Natural frequencies and corresponding mode shapes for the CFRP 5-DOF manipulator in
Configuration 2: (a) second frequency, (b) third frequency, (c) fourth frequency, (d) fifth frequency,
and (e) sixth frequency.
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(a) (b)

(c) (d)

(e)

Figure A3. Natural frequencies and corresponding mode shapes for the CFRP 5-DOF manipulator in
Configuration 3: (a) second frequency, (b) third frequency, (c) fourth frequency, (d) fifth frequency,
and (e) sixth frequency.

Appendix D. Additional Details of the FEA Results

This section includes additional data of the FEA results for the “SSS” and “III” CFRP
beams with the L2 and L8 layups, related to Sections 5 and 7. Figure A4 shows the static
analysis deflection results, and Figure A5 shows the modal analysis results for cantilever
beams. The strain results in the x-direction from the three-point bending test simulation
related to Section 3 are depicted in Figure A6. Table A9 shows the mesh convergence study
related to Section 3.
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Table A9. Mesh convergence study related to Section 3.

Load (N) Mesh Size (mm) Strain in x-Direction CPU Time (s)

435 20 0.130 × 10−4 49.7

435 10 0.160 × 10−4 50.8

435 5.0 0.163 × 10−4 62.4

(a) (b)

(c) (d)

Figure A4. Static loading deflection of the CFRP beam related to Section 5 for (a) “III” section and
“L2” layup, (b) “III” section and “L8” layup, (c) “SSS” section and “L2” layup, and (d) “SSS” section
and “L8” layup.
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(a) (b)

(c) (d)

Figure A5. Natural mode shapes of the CFRP cantilever beam related to Section 7 for (a) “III” section
and “L2” layup, (b) “III” section and “L8” layup, (c) “SSS” section and “L2” layup, and (d) “SSS”
section and “L8” layup.

(a) (b)

Figure A6. Three-point bending test FEA results related to Section 3: (a) strain in the x-direction for
the simulated beam under 435N loading, and (b) strain in the x-direction for the simulated beam
under 4024N loading.

The FEA results for “SSS” CFRP beams with the L2 and L8 layups related to Section 6
are shown in Figures A7 and A8. The normal stress components in the x- and y-directions
and the shear stress in the xy-plane for the square beam with the L2 and L8 layups are
shown in Figures A7a and A8a, respectively. Figures A7b and A8b show the safety ratios
estimated with the FEA software using the Tsai–Wu criteria for the “SSS” beam with the
L2 and L8 layups, respectively. The results are presented for a wall segmented under
compression and can be compared with the results in Table A2.
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(a)

(b)

Figure A7. Stress components for a CFRP square beam with L2 layup: (a) normal stress components
in the x- and y-directions and shear stress in the xy-plane, and (b) safety ratio.
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(a)

(b)

Figure A8. Stress components for a CFRP square beam with L8 layup: (a) normal stress components
in the x- and y-directions and shear stress in the xy-plane, and (b) safety ratio.
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Abstract: Due to the abrasive nature of the material, the conventional machining of CFRP composites
is typically characterised by high mechanical forces and poor tool life, which can have a detrimental
effect on workpiece surface quality, mechanical properties, dimensional accuracy, and, ultimately,
functional performance. The present paper details an experimental investigation to assess the feasi-
bility of wire electrical discharge machining (WEDM) as an alternative for cutting multidirectional
CFRP composite laminates using high-performance wire electrodes. A full factorial experimental
array comprising a total of 8 tests was employed to evaluate the effect of varying ignition current
(3 and 5 A), pulse-off time (8 and 10 μs), and wire type (Topas Plus D and Compeed) on material
removal rate (MRR), kerf width, workpiece surface roughness, and surface damage. The Compeed
wire achieved a lower MRR of up to ~40% compared with the Topas wire when operating at com-
parable cutting parameters, despite having a higher electrical conductivity. Statistical investigation
involving analysis of variance (ANOVA) showed that the pulse-off time was the only significant
factor impacting the material removal rate, with a percentage contribution ratio of 67.76%. In terms
of cut accuracy and surface quality, machining with the Compeed wire resulted in marginally wider
kerfs (~8%) and a higher workpiece surface roughness (~11%) compared to the Topas wire, with
maximum recorded values of 374.38 μm and 27.53 μm Sa, respectively. Micrographs from scanning
electron microscopy revealed the presence of considerable fibre fragments, voids, and adhered re-
solidified matrix material on the machined surfaces, which was likely due to the thermal nature of the
WEDM process. The research demonstrated the viability of WEDM for cutting relatively thick (9 mm)
multidirectional CFRP laminates without the need for employing conductive assistive electrodes.
The advanced coated wire electrodes used in combination with higher ignition current and lower
pulse-off time levels resulted in an increased MRR of up to ~15 mm3/min.

Keywords: electrical discharge machining; carbon fibre; composites; material removal rate; kerf
width; surface roughness

1. Introduction

Carbon-fibre-reinforced plastic (CFRP) composites have become widely used in a
variety of applications, particularly within the aerospace and automotive industries due to
favourable properties including low density (1.5 to 2 gm/cm3), high strength-to-weight
ratio (~785 kN·m/kg), as well as strong resistance to fatigue and corrosion [1–3]. This has
enabled some of the latest commercial aircraft such as the Airbus A350XWB and Boeing 787
to fly with considerably reduced fuel consumption and lower gas emissions, as up to 50%
of their airframes are composed of CFRP materials instead of heavier metallic alloys [4,5].
Despite efforts in developing net shape manufacturing technologies for CFRP components,
machining operations remain essential to meet the required dimensional accuracy, geomet-
rical tolerances, and for part assembly [6,7]. Commonly employed machining operations
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include routing, slot milling, and drilling, with the latter utilised for producing bolt or rivet
holes, which can number up to 400,000 for private jets and in-excess of 1 million in larger
transport/cargo planes [8]. However, in addition to the anisotropic and inhomogeneous
properties of CFRP, the highly abrasive nature of carbon fibres results in the rapid wear
of tools in conventional machining processes, leading to severe workpiece defects such as
delamination, fibre pull-out, matrix degradation, burr formation, splintering, and micro
cracking [9,10], thus compromising the strength as well as integrity of the workpiece. While
recent research investigating the machining of CFRP using nontraditional cutting processes
encompassing ultrasonic vibration-assisted drilling (UVAD), abrasive water jet machining
(AWJM), and laser beam machining (LBM) have reported some benefits over conven-
tional processes such as lower cutting forces, longer tool life, and reduced surface damage,
there were also several drawbacks observed including abrasive particle embedment in the
matrix, the presence of craters/ridges/valleys, and the formation of heat-affected zones
(HAZ) [11–13].

Another nonconventional process that has seen increasing research interest as a po-
tential alternative for cutting CFRP composites is electrical discharge machining (EDM).
When EDM drilling of CFRP using copper and graphite electrodes, Sheikh-Ahmed and
Shinde [8] investigated the impact of varying current and pulse duration on the resulting
tool wear, material removal rate (MRR), workpiece delamination, and hole tapering/size
deviation. In terms of MRR, the graphite electrode was found to outperform the copper tool
by up to 38% when operating at a current of 2 A and pulse-on time of 190 μs, albeit at the
cost of a 500% increase in electrode wear rates in the former. When machining with a low
current of 0.4 A and pulse duration ranging between 20 and 105 μs, a reduced delamination
factor of 1.15 from a maximum of ~1.3 was recorded for both electrodes. However, the
highest deviation from the nominal hole size (~4.5%) together with a maximum taper
of 0.048 mm was observed when using the graphite electrode at elevated current (2 A)
and pulse duration (190 μs) levels. In related work, epoxy decomposition, fibre breakage,
and sublimation together with Joule heating generated by short-circuiting of fibres were
identified as the main material removal mechanisms [14]. Delamination was most apparent
at the hole entry, which was substantially influenced by changes in the discharge current,
while pulse-on time had the strongest impact on HAZ and hole tapering.

According to a study conducted by Yue et al. [15], material removal in the EDM of
CFRP was caused not only by plasma and Joule heating, but also through mechanical and
chemical mechanisms where evaporated gases from epoxy and carbon fibre sublimation
(due to the localised high temperatures in the discharge zone) form a high-speed gaseous
jet. The energy from impact of the gas stream caused fibres in the workpiece to rupture,
particularly when machining perpendicular to the fibre orientation. In addition, the oxygen
released following dissociation of the deionised water dielectric during sparking further
contributed to increased thermal energy and hence faster material erosion. Kumaran
et al. [16] investigated the impact of incorporating carbon black (1 and 2 vol%) and graphite
(5 and 10 vol%) fillers into the CFRP matrix on EDM performance in terms of MRR, electrode
wear, and hole quality. Drilling was carried out using a 1 mm diameter brass electrode at
negative polarity with variable parameters of pulse-off time (p = 20, 30, and 42 μs) and
maximum current (Imax = 46, 91, and 153 A). When cutting with pulse-off times above
20 μs, workpieces containing a filler typically exhibited a higher MRR compared to the
conventional reference CFRP (no filler added), regardless of current levels, implying that
the flushing efficiency was most likely improved. Furthermore, electrode wear and thermal
damage around the hole exit were reduced when machining workpieces with the filler
material, probably as a result of increased matrix thermal conductivity leading to a greater
diffusion of heat over the workpiece, thus preventing/minimising matrix degradation.
Kumar et al. [17] studied the viability of EDM in the micro-drilling of CFRP using a 110 μm
diameter electrode for a hole depth of 1.2 mm (aspect ratio of 10.9). The principal variable
parameters were voltage, capacitance, and electrode/tool rotational speed. In terms of
maximising MRR and minimising electrode wear rate, both voltage and capacitance were
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found to be statistically significant factors, while tool speed had no significant impact on
either response. Similarly, Makudapathy and Sundaram [18] reported a maximum mean
hole aspect ratio of over 11 during the micro-EDM drilling of CFRP (2.5 mm thick) utilising
a tungsten carbide electrode (Ø 120 μm) at a feed rate and voltage of 6 μm/s and 70 V,
respectively. An increasing voltage and lowering feed rate resulted in larger overcuts, while
a positive electrode polarity was found to reduce tool wear.

Lau and Lee [19] reported some of the earliest research on the wire electrical discharge
machining (WEDM) of CFRP, which was evaluated alongside laser cutting. Even though
laser machining exhibited a substantially higher MRR (95 mm2/min) compared to WEDM
(12 mm2/min), the latter revealed a better edge quality and reduced HAZ/surface damage.
The influence of fibre orientation with respect to cut direction was assessed by Yue et al. [15]
using uncoated brass in the WEDM of 2 mm thick unidirectional (UD) CFRP laminates.
Cutting speed was found to be ~18% higher when machining parallel to the fibre orientation
due to the higher electrical and thermal conductivity of the fibres along the axial direction.
More recently, the influence of open volage, current, and pulse-on/off time when WEDM
thicker UD-CFRP laminates (8.4 mm) was investigated when cutting parallel to the fibre
direction using zinc-coated brass wire [20]. Analysis of variance (ANOVA) of the results
revealed that ignition current had a statistically significant effect on MRR and kerf width,
with the pulse-off time also having a substantial impact on MRR. A further study by
Abdallah et al. [21] to assess WEDM performance when cutting perpendicular to the fibre
orientation found that MRR was ~14% lower than when machining parallel to the fibre
direction, which was similar to that previously reported by Yue at al. [15]. However,
workpiece surface roughness was considerably better when cutting perpendicular to the
fibres (6.84 μm Sa) instead of the parallel direction (9.48 μm Sa), although surface defects
including uncut/fractured fibre fragments, matrix/fibre loss, and re-solidified resin were
prevalent on all of the machined surfaces.

In order to enhance workpiece electrical conductivity and aid spark initiation, several
researchers have evaluated the use of ‘assisting electrodes’ where the CFRP workpiece
is stacked or clamped together with metallic plates. Apart from increased cutting effi-
ciency/productivity [22], the technique was also found to prevent/avoid frequent wire
breakage and improve cut profile accuracy [4,23]. Based on the comparatively limited
published research on the WEDM of CFRP to date, the work presented here aimed to
investigate the effect of key process parameters (ignition current and pulse-off time) on the
machinability of 9 mm thick multidirectional CFRP composite laminates when utilising
two different high-performance wire electrodes. Process performance and capability were
assessed with respect to an in-depth analysis of resulting kerf widths, surface roughness,
and condition together with material removal rates.

2. Materials and Methods

The workpiece materials used in the experiments were 9 mm thick, square
(122 mm × 122 mm) multidirectional CFRP laminate plates comprising 36 UD pre-pregs/plies,
each with a thickness of 0.25 mm. The plies were composed of high-tensile-strength
(HTS) pre-impregnated carbon fibres (6–8 μm diameter) aligned within a toughened
epoxy resin matrix. The commercial matrix/fibre designation of the pre-pregs was ACG
MTM44-1/HTS-268-12K, which had a fibre volume fraction (Vf) of 56.5%. As shown in
Figure 1, the laminates were initially manually laid up according to an orientation sequence
of [45◦/0◦/135◦/90◦/45◦/0◦]3S. The workpiece samples were then cured for 30 min at a
steady temperature of 80 ◦C, followed by a gradual increase in temperature to 135 ◦C at a
rate of 1 ◦C per minute. This temperature was subsequently kept constant for 4 h under a
vacuum pressure of 0.9 bar [24]. The resulting key physical/mechanical properties of the
cured CFRP laminate plates are detailed in Table 1 [24,25].
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Figure 1. Multidirectional CFRP workpiece with micrograph of cross-section showing lay-up orienta-
tion of the plies [24,25].

Table 1. Key physical/mechanical properties of the post cure CFRP laminates [24,25].

Property Details

Density 1.6 g/cm3

Hardness 60–65 Barcol
Ultimate tensile strength 2000 MPa

Interlaminate shear strength 14 MPa
Modulus of elasticity 150 GPa
Thermal conductivity 1 W/mK ⊥ and 70 W/mK//to fibre

Workpiece electrical resistivity (X, Y, Z) 0.0833 Ω·cm, 0.092 Ω·cm, 1980.1 Ω·cm
Coefficient of thermal expansion (CTE) Up to 10 μm/mK

As low cutting speeds and frequent wire rupture have previously been reported as the
primary shortcomings in the WEDM of CFRP composites, two high-performance electrodes
involving zinc-coated brass (Topas Plus D) and copper/brass-coated steel (Compeed)
wires were selected for evaluation in the present work. The Topas Plus D wire was
composed of a brass core (20%Zn80%Cu) with a dual layer of zinc-rich diffused β and
γ-phase coatings, giving a tensile strength of 800 to 900 MPa and electrical conductivity
of 16.24 × 106 S/m. This has been found to provide a 30–35% increase in cutting speed
compared to conventional uncoated brass wires [26,27]. In contrast, the Compeed wire has
a steel core with a twin layer of copper and diffused β-phase brass coating, resulting in an
electrical conductivity of 29 × 106 S/m and room-temperature tensile strength of 800 MPa.
Despite comparable tensile strengths, the Compeed wire has greater resistance to breakage
than the Topas Plus D due to the higher fracture toughness of the steel core. The diameter
of both wires was 0.25 mm, with their respective compositions shown in Figure 2.
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(a) (b) 

Figure 2. Composition of wire electrodes: (a) Topas Plus D and (b) Compeed.

All of the machining trials were undertaken on an AgieCharmilles Robofil FI240cc
wire EDM machine, as shown in Figure 3. The CFRP workpiece was immersed in deionised
water dielectric with an electrical conductivity of ~5 μS/cm during machining. An Alicona
G5 InfiniteFocus microscope was used to measure the machined kerf width as well as to scan
and generate 3D topographical plots of the cut surfaces to determine areal roughness (Sa) at
magnifications of 5× and 20×, respectively. A toolmakers microscope connected to a digital
camera was employed to capture optical micrographs of machined kerfs on the top and
bottom faces of the workpiece, while a JEOL JCM-6000 Plus scanning electron microscope
(SEM) was utilised to obtain high-resolution micrographs of the machined surfaces.

 

Figure 3. AgieCharmilles Robofil FI240cc wire EDM machine.

The experiments carried out were based on a full factorial design involving three
variable factors of ignition current, pulse-off time, and wire electrode type, with each
at 2 levels. Table 2 details both the variable and fixed parameters together with the
corresponding levels selected for the trials, which were based on results by Abdallah
et al. [20,21] following the WEDM of UD-CFRP laminates. Process performance was
evaluated in terms of material removal rate, average kerf width (Wa), and workpiece
surface roughness following a cut length of 12 mm in each test, with statistical analysis of
the results using Minitab software employed to determine the significance (at the 5% level)
of variable parameters. The full factorial test array is outlined in Table 3.
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Table 2. Variable and constant parameters.

Parameters Symbol (Unit) Level 1 Level 2

Variable factors
Ignition current IAL (A) 3 5
Pulse-off time B (μs) 8 10

Wire type W Topas Plus D (T) Compeed (C)

Constant factors

Open gap voltage Vo (V) 100 -
Pulse-on time A (μs) 0.6 -
Servo voltage Aj (V) 15 -
Wire tension WB (N) 13 -
Wire speed WS (m/min) 10 -

Flushing pressure INJ (bar) 16 -
Frequency FF (%) 10 -

Table 3. Full factorial experimental array.

Test No. Ignition Current, IAL (A) Pulse-off Time, B (μs) Wire Type, W

1 3 8 T
2 5 8 T
3 3 10 T
4 5 10 T
5 3 8 C
6 5 8 C
7 3 10 C
8 5 10 C

The machining time for each test (over the 12 mm cut length) was recorded using
a stopwatch. Following the conclusion of each trial, an air blower and hair drier were
utilised to dry and evaporate the absorbed water in the CFRP plates. A digital scale
(operating range of 0.5 to 3500 g) was used to weigh the mass of the workpiece samples
before and after each test (precision of 0.01 g). The MRR was subsequently determined
using Equation (1) [28,29]:

MRR =
mb − ma

ρ × tm
(1)

where mb and ma are the masses of workpiece material before and after machining, respec-
tively (g), ρ is the density of the workpiece (g/mm3), and tm is the machining time (min).
The delamination factor (Fd) as a result of the damage on the top and bottom faces of the
workpiece was calculated using Equation (2) [30]:

Fd =
Wmax

Wa
(2)

where Wmax is the maximum width of delamination of the machined kerf and Wa is the
average kerf width.

The average kerf width was calculated based on a total of 18 measurements taken
at equal intervals along the machined length on the top and bottom of the workpiece
(9 readings per surface). Following completion of kerf width measurements, the CFRP
workpieces were cross-sectioned using a diamond disc cutter for surface roughness (Sa)
measurements. This was evaluated as an average of three readings, each over a scan area
of 13.2 mm2 on the machined surface and a cut-off length of 887 μm.

3. Results and Discussion

3.1. Material Removal Rate and Workpiece Surface Damage

Figure 4 shows the effect of varying ignition current and pulse-off time on MRR when
cutting multidirectional CFRP laminates using the Topas and Compeed wire electrodes.
When operating at equivalent ignition current and pulse-off time levels, the MRR achieved
by the Topas wire was between 11% and 40% higher than that of the Compeed electrode,
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with maximum values recorded of 14.82 mm3/min (Test 2) and 13.31 mm3/min (Test 6),
respectively. These cutting rates were considerably faster compared to previously reported
results when machining unidirectional CFRP composites [21], which was primarily at-
tributed to the lower electrical resistivity of the multidirectional lay-up configuration of the
workpiece in the present work. As expected, the main effects plot for the mean of MRR
shown in Figure 5 indicates that the cutting rate increased at higher ignition current and
lower pulse-off time levels. Conversely, the MRR was generally lower when machining
with the Compeed wire, despite having a higher electrical conductivity. The elevated
conductivity of the Compeed wire likely resulted in sparks with greater intensity, thereby
causing increased workpiece erosion and debris formation consisting of the decomposed
nonconductive epoxy resin within the machining gap, which also accumulated/fused over
the fibre edges on the cut surface [31]. Furthermore, the rate of fibre detachment was
possibly higher due to a greater spark collision with fibres at the different ply orientations
(45◦, 90◦, and 135◦) [29]. This build-up of debris comprising the melted epoxy resin and
broken fibres in the cutting zone consequently led to poor discharge efficiency and hence
the lower MRR.

 

Figure 4. Material removal rate in each test for the Topas and Compeed wire electrodes.

 

Figure 5. Main effects plot for MRR.

The ANOVA considering the effect of the main factors as well as interactions between
the parameters on MRR is detailed in Table 4. According to the results, the pulse-off time
was the only significant factor at the 5% level, with a corresponding percentage contribution
ratio (PCR) of 67.76%. Similarly, none of the interactions were shown to have any significant
influence. The derived regression model exhibited strong agreement with the experimental
data based on a coefficient of determination (R2) of 99.79%. Additionally, the similarly
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high adjusted coefficient of determination (Adj R2) of 98.55% indicated that the model
likely included all the relevant terms for good correlation between the responses and
machining variables.

Table 4. ANOVA for material removal rate including interactions.

Source DF Seq SS Adj SS Adj MS F-Value p-Value PCR

Model 6 74.0556 74.0556 12.3426 80.07 0.085 99.79%
Linear 3 73.597 73.597 24.5323 159.15 0.058 99.17%

IAL 1 14.5094 14.5094 14.5094 94.13 0.065 19.55%
B 1 50.281 50.281 50.281 326.19 0.035 * 67.76%
W 1 8.8065 8.8065 8.8065 57.13 0.084 11.87%

2-Way Interactions 3 0.4587 0.4587 0.1529 0.99 0.611 0.62%
IAL*B 1 0.2877 0.2877 0.2877 1.87 0.402 0.39%
IAL*W 1 0.001 0.001 0.001 0.01 0.949 0.00%

B*W 1 0.17 0.17 0.17 1.1 0.484 0.23%
Error 1 0.1541 0.1541 0.1541 0.21%
Total 7 74.2098 100.00%

Model
equation

MRR = 34.40 − 0.36 IAL − 3.266 B + 0.22 W + 0.190 IAL*B + 0.011 IAL*W − 0.146 B*W

Model summary

S R2 Adj R2 PRESS Pred R2

0.392615 99.79% 98.55% 9.86536 86.71%

* Significant at the 5% level.

Figure 6 shows optical micrographs of the kerf generated on the top and bottom
surfaces of the workpiece machined using the Topas wire in Test 2, which recorded the
highest MRR. The top surface exhibited severe delamination along the kerf edges and at
the end of the cut, see Figure 6a. The kerf edges were also irregular/uneven with evidence
of adhered debris/contaminants on the surface, with similar damage also found on the
bottom surface, although to a lesser degree, as shown in Figure 6b.

  
(a) (b) 

Figure 6. Optical micrographs of the kerf machined using Topas wire in Test 2 at the (a) top and
(b) bottom surface.

The slots machined using the Compeed wire at equivalent process parameters (Test 6)
also exhibited considerable delamination along the length of kerf edges together with
irregular/uneven edges and the presence of frayed fibres and bronze-coloured debris
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attached on both the top and bottom surfaces of the workpiece, as detailed in Figure 7.
The delamination typically occurred in epoxy-rich areas due to the pressure of gases
generated from resin decomposition, as described by Sheikh-Ahmad [14]. The gases
together with wire tension, as well as electrostatic and dielectric flushing forces, led to
wire vibration [32], which probably contributed to the irregular/uneven cut edges. The
damage on the machined kerfs was generally more severe in tests utilising the Compeed
wire, which was probably due to the increased discharge intensity as a result of its higher
electrical conductivity. This corresponded to the higher delamination factor (Fd) levels
obtained of up to 2.94 for slots machined with the Compeed wire compared to a maximum
value of 2.5 in tests involving the Topas wire. In addition, the fractured/frayed fibre
damage observed was also partly attributed to the impact of high-speed gaseous jets
generated during vaporisation and sublimation of epoxy/carbon fibres, which have also
been outlined by other researchers [14,15]. While the delamination factor levels were up
to ~49% higher compared to previously reported results when WEDM of UD-CFRP [21],
the degree of workpiece damage was found to be lower when using WEDM as opposed to
laser machining, according to Lau and Lee [19].

  
(a) (b) 

Figure 7. Optical micrographs of the kerf machined using Compeed wire in Test 6 at the (a) top and
(b) bottom surface.

Figure 8a shows a SEM micrograph of the surface machined in Test 3, which recorded
the lowest MRR (7.42 mm3/min) when using the Topas wire. In addition to significant areas
with voids due to fibre/matrix loss, the surface was covered with broken fibre fragments at
different ply orientations together with accumulated re-solidified resin at the fibre ends.
Conversely, loose long fibres were predominant on the workpiece machined in Test 2
(highest MRR), together with large cavities and re-solidified resin dispersed over the cut
surface. In addition, resin particles were seen on the ends of some fibres at the 45◦/135◦
ply orientation, as shown in Figure 8b.
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(a) (b) 

  
(c) (d) 

Figure 8. Sample SEM micrographs of surfaces machined using the Topas wire in (a) Test 3 and
(b) Test 2 and Compeed wire in (c) Test 7 and (d) Test 6.

The damage on the surface machined with the Compeed wire having the lowest
MRR (5.29 mm3/min) in Test 7 included substantial fibre loss particularly at the ply
interface regions and fibre fragments together with bulk re-solidified resin covering some
of the eroded fibre sections, see SEM micrograph in Figure 8c. The machined surface
condition/quality further deteriorated particularly in Test 6 at the highest MRR, which was
characterised by the presence of deep cavities as well as extensive areas of accumulated
re-solidified debris/matrix material, as shown in Figure 8d. In contrast, Ablyaz et al. [33]
reported minimal surface damage/defects following the WEDM of 2 mm thick polymer
composite plates sandwiched between two layers of conductive titanium plates (each 1 mm
thick). Despite the improved surface quality, the use of a sandwich/stack configuration
may not always be practical/possible in a production environment, depending on the
component geometry.

3.2. Kerf Width

Figure 9 highlights the average kerf widths obtained in each of the tests for both wire
electrodes. Marginally larger kerfs ranging from ~334 to 374 μm were produced when
cutting with the Compeed wire as opposed to slot widths measuring ~333 to 347 μm from
tests utilising the Topas electrode. The wider kerfs were typically associated with operating
at low pulse-off times and high ignition currents, which most likely resulted in greater
discharge energies. This trend was exemplified by the main effects plot for average kerf
width shown in Figure 10. While increasing the pulse-off time generally improves flushing
efficiency for removing debris from the discharge gap, it also reduces the active spark-
workpiece interaction time, thereby resulting in a narrower kerf. Previous studies involving
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the WEDM of UD-CFRP at comparable cutting conditions reported smaller average kerf
widths, which did not exceed 300 μm [20,21].

 

Figure 9. Average kerf width in each test for the Topas and Compeed wire electrodes.

 
Figure 10. Main effects plot for average kerf width.

According to the ANOVA for average kerf width outlined in Table 5, wire type and its
interaction with pulse-off time were found to be significant at the 5% level, with a PCR of
37.69% and 27.39%, respectively. The corresponding regression model derived revealed a
strong correlation with the experimental data based on the high R2 and Adj R2 values of
99.88% and 99.14%, respectively.
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Table 5. ANOVA for average kerf width including interactions.

Source DF Seq SS Adj SS Adj MS F-Value p-Value PCR

Model 6 1701.86 1701.86 283.643 135.34 0.066 99.88%
Linear 3 1195.78 1195.78 398.592 190.19 0.053 70.18%

IAL 1 272.42 272.42 272.422 129.99 0.056 15.99%
B 1 281.11 281.11 281.111 134.13 0.055 16.50%
W 1 642.24 642.24 642.244 306.45 0.036 * 37.69%

2-Way Interactions 3 506.08 506.08 168.693 80.49 0.082 29.70%
IAL*B 1 34.33 34.33 34.332 16.38 0.154 2.01%
IAL*W 1 5.08 5.08 5.084 2.43 0.363 0.30%

B*W 1 466.66 466.66 466.664 222.67 0.043 * 27.39%
Error 1 2.1 2.1 2.096 0.12%
Total 7 1703.95 100.00%

Model
equation

Wa = 452.4 − 12.81 IAL − 14.21 B + 74.51 W + 2.072 IAL*B + 0.797 IAL*W − 7.638 B*W

Model summary

S R2 Adj R2 PRESS Pred R2

1.44767 99.88% 99.14% 134.129 92.13%

* Significant at the 5% level.

3.3. Workpiece Surface Roughness

The measured surface roughness for each trial detailed in Figure 11 exhibited similar
trends to the average kerf width results, where the Compeed wire produced rougher
surfaces compared to the Topas wire, with the exception of Test 7, which was possibly due
to variation in spark stability. The higher surface roughness obtained when machining with
the Compeed wire was attributed to the increased energy/heat generated in the machining
gap as a consequence of its higher electrical conductivity, which produced deeper craters
and considerable adhered debris on the surface; see sample 3D topographical maps of
workpieces machined with the Topas (Test 2) and Compeed (Test 6) wires in Figure 12.
Evidence of voids/craters was present on both surfaces due to vaporisation of the matrix
phase, while more significant levels of frayed/loose fibres were visible on the surfaces
machined with the Compeed wire; see Figure 12b.

 
Figure 11. Average areal surface roughness in each test for the Topas and Compeed wire electrodes.

226



J. Compos. Sci. 2022, 6, 159

  
(a) (b) 

Figure 12. Surface topographical map of workpiece machined with (a) Topas (Test 2) and (b) Compeed
(Test 6) wires.

The main effects plot in Figure 13 indicates that utilising low ignition current and high
pulse-off time levels with the Topas wire resulted in lower surface roughness. However,
the associated ANOVA in Table 6 showed that none of the linear factors and corresponding
interactions were statistically significant with respect to surface roughness.

Figure 13. Main effects plot for average surface roughness.

Table 6. ANOVA for average surface roughness.

Source DF Seq SS Adj SS Adj MS F-Value p-Value PCR

Model 6 19.9873 19.9873 3.33121 4.27 0.355 96.24%
Linear 3 12.4798 12.4798 4.15992 5.33 0.306 60.09%

IAL 1 8.6433 8.6433 8.6433 11.07 0.186 41.62%
B 1 3.2123 3.2123 3.21231 4.12 0.292 15.47%
W 1 0.6242 0.6242 0.62416 0.8 0.536 3.01%

2-Way Interactions 3 7.5075 7.5075 2.5025 3.21 0.385 36.15%
IAL*B 1 0.0039 0.0039 0.00389 0 0.955 0.02%
IAL*W 1 4.0162 4.0162 4.0162 5.14 0.264 19.34%

B*W 1 3.4874 3.4874 3.4874 4.47 0.281 16.79%
Error 1 0.7806 0.7806 0.7806 3.76%
Total 7 20.7679 100.00%

Model
equation

Sa = 26.9 + 0.84 IAL − 0.72 B + 3.39 W + 0.022 IAL*B + 0.709 IAL*W − 0.660 B*W

Model summary

S R2 Adj R2 PRESS Pred R2

0.883518 96.24% 73.69% 49.9587 0.00%
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4. Conclusions

The impact of two key operating parameters: ignition current and pulse-off time, in
addition to two different wire electrodes when WEDM multidirectional CFRP laminate
composites was assessed with regard to material removal rate, average kerf width, and
workpiece surface roughness. The following were the main outcomes and observations.

• Material removal rates ranged between 7.42 and 14.82 mm3/min when utilising the
Topas wire, while a marginally lower MRR of 5.29 to 13.31 mm3/min was recorded in
tests involving the Compeed wire. The lower cutting rates in the latter was possibly
due to increased debris generation in the spark gap resulting in reduced machining
efficiency. Pulse-off time was found to be the only statistically significant factor
influencing MRR, with a PCR of 67.76%. The regression model considering both
linear factors as well as two-way interactions between the factors exhibited a strong
correlation to the experimental results with a R2 of 99.79%.

• Considerable levels of delamination were observed on the top and bottom surfaces
of the machined workpieces in all tests, although delamination factor calculations
indicated somewhat higher values of up to 2.94 for workpieces machined using
the Compeed wire, whilst a corresponding maximum Fd of 2.5 was obtained when
employing the Topas wire.

• Analysis of the cut surfaces revealed the presence of significant fibre debris, voids,
and aggregated re-solidified resin material, particularly for workpieces machined with
the Topas wire. In similar tests involving the Compeed wire, additional defects were
prevalent in the form of large cavities in the vicinity of ply interfaces due to resin
evaporation and fibre loss.

• Marginally higher kerf widths of up to ~8% were observed when machining with the
Compeed wire. The corresponding ANOVA highlighted that wire type as well as its
interaction with pulse-off time were significant at the 5% level, with PCRs of 37.69%
and 27.39%, respectively. The derived regression model for kerf width showed a high
R2 of 99.88%, which suggests a strong fit with the experimental data.

• The resulting average workpiece surface roughness was relatively high, irrespective
of cutting conditions and wire type, with maximum values of 24.86 μm and 27.53 μm
Sa for the Topas and Compeed wire, respectively. None of the variable factors or
interactions, however, were found to have a significant influence on surface roughness,
despite ignition current having a considerable PCR of 41.62%.
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Nomenclature

Acronym Description

3D Three dimensional
A Pulse-on time
ACG Advanced Composite Group
Adj R2 Adjusted coefficient of determination
Aj Servo voltage
ANOVA Analysis of variance
AWJM Abrasive water jet machining
B Pulse-off time
C Compeed
CFRP Carbon-fibre-reinforced plastic
Cu Copper
EDM Electrical discharge machining
Fd Delamination factor
HAZ Heat-affected zone
HTS High tensile strength
IAL Ignition current
INJ Injection pressure
LBM Laser beam machining
ma Mass after machining
mb Mass before machining
MRR Material removal rate
PCR Percentage contribution ratio
R2 Coefficient of determination
Sa Arithmetic 3D areal roughness
SEM Scanning electron microscope
tm Machining time
UD-CFRP Unidirectional carbon-fibre-reinforced plastic
UVAD Ultrasonic-vibration-assisted drilling
Vf Fibre volume fraction
Vo Open voltage
W Wire type
Wa Average kerf width
WB Wire tension
WEDM Wire electrical discharge machining
Wmax Maximum damage width
Ws Wire speed
Zn Zinc
ρ Density
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Abstract: Carbon fiber reinforced plastics (CFRPs) gained high interest in industrial applications
because of their excellent strength and low specific weight. The stacking sequence of the unidirec-
tional plies forming a CFRP laminate, and their thicknesses, primarily determine the mechanical
performance. However, during manufacturing, defects, e.g., pores and residual stresses, are induced,
both affecting the mechanical properties. The objective of the present work is to accurately measure
residual stresses in CFRPs as well as to investigate the effects of stacking sequence, overall laminate
thickness, and the presence of pores on the residual stress state. Residual stresses were measured
through the incremental hole-drilling method (HDM). Adequate procedures have been applied to
evaluate the residual stresses for orthotropic materials, including calculating the calibration coef-
ficients through finite element analysis (FEA) based on stacking sequence, laminate thickness and
mechanical properties. Using optical microscopy (OM) and computed tomography (CT), profound
insights into the cross-sectional and three-dimensional microstructure, e.g., location and shape of
process-induced pores, were obtained. This microstructural information allowed for a comprehen-
sive understanding of the experimentally determined strain and stress results, particularly at the
transition zone between the individual plies. The effect of pores on residual stresses was investigated
by considering pores to calculate the calibration coefficients at a depth of 0.06 mm to 0.12 mm in
the model and utilizing these results for residual stress evaluation. A maximum difference of 46%
in stress between defect-free and porous material sample conditions was observed at a hole depth
of 0.65 mm. The significance of employing correctly calculated coefficients for the residual stress
evaluation is highlighted by mechanical validation tests.

Keywords: residual stresses; incremental hole-drilling method; CFRP; stacking sequence; laminate
thickness; defect population

1. Introduction

Carbon fiber reinforced plastics (CFRPs), i.e., carbon fiber used as reinforcement
elements in a polymer matrix, have found extensive use in the aviation and automotive
industries because of their outstanding properties, such as high strength and stiffness, low
density, high fatigue resistance as well as low thermal expansion coefficient [1]. However,
the laminate characteristics, i.e., the thickness of each ply, fiber orientation, as well as the
number of layers, have to be considered carefully for acquiring these excellent mechanical
properties in a CFRP laminate. By choosing adequate laminate characteristics, the CFRP’s
material properties can be directly tailored. In the past years, a great amount of work has
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been conducted to improve the mechanical performance of CFRP components, e.g., fatigue
resistance [2] and energy absorption capacity [3].

In general, residual stresses are formed in the course of the manufacturing of CFRPs
for various reasons. In particular, the differences in the coefficient of thermal expansion
(CTE) between the carbon fibers and the resin system, the differences in the mechanical
properties arising from variation in the fiber orientation, and the cure shrinkages of the resin
are of utmost importance [4,5]. The process-induced residual stresses, in turn, can cause
fiber waviness, transverse cracking, delamination, and geometric distortion. Moreover,
process-induced pores have to be considered in the CFRPs, as they can have a significant
influence on the mechanical performance of a wide range of composite materials [6].
The formation of pores in the manufacturing of CFRPs is a complex phenomenon, and
some of the involved elementary processes are still not well understood. The underlying
mechanisms vary from manufacturing process to manufacturing process because of the
differences in thermodynamic and rheological phenomena [7]. Taking the pre-preg process
technology as an example, the formation of pores is mainly induced by an insufficient curing
process, air entrapment either during impregnation or during laying up, and moisture
dissolved in the resin [7]. For further details on pore formation mechanisms in different
CFRPs manufacturing processes and the effect on the mechanical performance, the reader
is referred to [7].

The determination of residual stresses in CFRPs using robust experimental approaches
paves the way not only for optimizing the manufacturing parameters in order to reduce
residual stresses but also for a damage-tolerant design by exploiting residual stresses in-
stead of increasing safety margins and overall dimensions (resulting in cost and weight
increase), respectively. In the past years, several methods have been developed for measur-
ing residual stresses in CFRP components [8]. One commonly used method is to estimate
the residual stresses from the experimentally determined curvature of a structure through
a simplified model. However, this method can only be used for unsymmetric CFRP com-
posites. Moreover, this approach cannot provide residual stress values in each individual
ply [9]. The layer-removal method is another common technique for analyzing residual
stresses, involving the measurement of the curvature following the progressive removal of
thin layers from the sample surface [10]. Using this method, evaluation of ply level residual
stresses is feasible. However, the complete and precise removal of thin material layers is
challenging. Furthermore, this method is limited to flat coupons.

Alternatively, the hole-drilling method (HDM) is a well-known approach for mea-
suring the residual stresses in composites, being capable of providing in-depth residual
stress profiles [11]. The HMD has been standardized in ASTM E837-13a [12], specifying
measurement procedure and range, minimum requirements of instrumentation, algorithms,
and coefficients for the computation of uniform and nonuniform stress distributions, as
well as error sources. As described in ASTM E837-13a, the HDM was originally developed
for residual stress measurement in isotropic materials, with the assumption that the relaxed
strain response has a simple trigonometric form. However, this assumption does not
hold true for orthotropic materials. For accurate analysis of the residual stress state in
orthotropic materials, such as CFRPs, the standard model [12] has been adapted, as can be
seen in [1,11,13].

With respect to approaches for determining the calibration coefficients, the integral
method provides more accurate in-depth residual stress results compared with the differen-
tial method [14]. The calibration coefficients need to be calculated through finite element
analysis (FEA) based on the material type and thickness of the sample. The influence of
material properties and thickness of metallic samples on the calculated calibration coeffi-
cients and the resulting residual stress values have been reported in recent years [14–16].
For instance, in [14], the influence of Poisson’s ratio on the calibration coefficients for
the HDM was studied. Depending on the hole depth, it was found that the maximum
difference in calibration coefficients for Poisson’s ratios of 0.2 and 0.4, compared with an
assumed value of 0.3, can be as high as 17% for individual calibration coefficients. However,
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an almost ideally linear behavior of the calibration coefficients can be observed within
Poisson’s ratio range of 0.2 to 0.45. Magnier et al. [15] calculated the calibration coeffi-
cients of metallic sheets featuring different thickness values. Afterward, the coefficients
obtained were used for the evaluation of the residual stresses using the HDM. If the real
thickness of the samples was not accounted for, pronounced errors were found in that
study. In particular, this holds true for thicknesses below 1 mm, while only minor errors
were noticed for thicknesses above 1.6 mm. In the ASTM E837 [17], residual stress mea-
surement by the HDM assumes that the drilled hole has a flat bottom geometry. However,
the commonly employed cutting tools for the HDM are end mills, which usually have
chamfers or fillets on the edges. Therefore, chamfers or fillets are directly transferred to the
blind hole bottom geometry. Blödorn et al. [18] calculated calibration coefficients through
FEA, considered the real hole geometry, and performed residual stress evaluation for A36
steel, AISI304L stainless steel, and AA6061 aluminum alloy. Considerable differences in
residual stresses were found, in particular in the two first hole depth increments with a 50%
deviation. Recently, Kümmel et al. [19] adopted the HDM to measure the residual stresses
in ultrafine-grained laminated metal composites, where steel layers were positioned at
the top and bottom surface of the sample, and an aluminum layer was positioned in the
middle. When the aluminum core was not considered for the calculation of the calibration
coefficients, assuming that composite is a homogeneous material, the evaluated residual
stresses were overestimated by about 50% compared with the model of the actual struc-
ture. A very limited number of studies are available in the literature detailing this kind
of analysis for composite materials. Sicot et al. [20] measured residual stresses by HDM
in [02/902]S and [08] CFRP laminates fabricated by different cure cycles. The calibration
coefficients were calculated by considering the real ply stacking sequence. It was found
that for unidirectional CFRP laminate, the residual stress level remains low for different
cooling conditions, and the influence of cooling conditions on residual stress values is
small. With respect to cross ply laminates, it was observed that the cooling conditions
have an important effect on the residual stress level, and the stress increases considerably
with the cooling rate. The measured residual stresses were compared to those predicted
by a thermoviscoelastic approach to the classical theory of laminate. Both results were
in good agreement. In other studies [13,21], calibration coefficients for glass/carbon fiber
reinforced plastics (GFRP/CFRPs) were calculated based on their real geometry, thickness,
and stacking sequence. The relation between the coefficients and the residual stresses was
studied. Only when the actual geometry was taken into account the correct calibration
coefficients were obtained, as demonstrated by mechanical bending tests in combination
with FEA.

In high-tech applications requiring high strength and stiffness and, concomitantly,
low weight, thin-walled CFRP laminates with complex stacking sequence are designed
and used. Commonly, the manufacturing of CFRP components and structures leads to
pores and defects. The objective of this work is to provide a comprehensive study on the
residual stress measurement results using HDM, considering the roles of pores, stacking
sequence, and thickness. Focus is given to the determination of calibration coefficients,
taking into account the aforementioned factors, as well as their influence on the subsequent
residual stress estimation. Furthermore, the two- and three-dimensional microstructures
of CFRP laminates are characterized, which allows for a thorough understanding of the
experimentally determined strain and stress results, in particular at the transition zone
between the individual plies. The reliability of the residual stress measurement is validated
by mechanical bending tests in combination with FEA. Potentially, this method can be used
in the majority of cases concerning composite laminate materials.

2. Materials and Methods

2.1. Theory of the Hole-Drilling Method

The HDM is a well-known approach to measure residual stresses by successively
drilling a hole in the surface of a sample. Employing HDM, the residual stresses cannot
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be directly measured but are derived from strains, which are relaxed during the drilling
process and concomitantly measured as a function of depth. A small hole is drilled at
the geometrical center of a strain gauge used for strain measurement. Eventually, the
relationship between residual stress and relaxed strain can be established via calibration
coefficients, which need to be calculated through FEA. Figure 1 illustrates the workflow of
measuring the residual stresses using HDM.

Figure 1. Framework of measuring the residual stresses by the hole-drilling method.

For establishing the stress–strain relationship in isotropic materials, the relaxed strain
response is assumed to be of simple trigonometric form. However, this assumption is
not valid in anisotropic materials [22]. For analyzing and measuring the residual stress in
CFRPs featuring highly anisotropic characteristics and assuming that the material behaves
elastically the stress–strain relationship can be expressed as follows:⎛
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In Equation (1), the directions of strains ε1, ε2, and ε3 and stresses σx, σy, and τxy are
defined as depicted in Figure 2a. Furthermore, matrix C (constituted of the coefficients
Ckl) represents the relationship between the residual stresses and the relaxed strains and
depends on the material properties and thickness of the sample, the depth of the hole,
as well as the geometry of the strain gauge. More details on calculating the calibration
coefficients Ckl by separately imposing boundary conditions can be found in [11].

The general stress–strain relation in Equation (1) can only be applied for stresses being
uniformly distributed over the thickness. In order to account for in-depth nonuniform
residual stresses, the incremental HDM can be employed. This method is based on the
measurement of the surface deformation upon a sequence of drilling steps, i.e., a small hole
at the surface of a stressed material is incrementally drilled. For this purpose, Equation (1)
can be adapted by an incremented integral formulation, where i indicates the actual drilling
step and j denotes all steps up to the current one:
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(a) (b)

Figure 2. Schematic of (a) a typical three-element strain gauge with corresponding coordinate system
and (b) a special strain gauge rosette with eight grids used for strain measurement in the present work.

For the incremental HDM, the coefficients Cklij in Equation (2) are determined not only
by the residual stress in the last drill increment i but also by the residual stresses relaxed
in all previous increments j. For clarity, Figure 3 schematically depicts the procedure to
constitute the calibration coefficients matrix [C11]ij. In the first drilled layer, C1111 indicates
the influence of the stress σ1 (being present in the 1st increment) on the measured strain
ε1. When the second layer is drilled, C1121 and C1122 define the influence of the stress σ1
imposed in both the 1st and the 2nd increment on the strain ε1. The same procedure can be
used to calculate C1131, C1132, and C1133.

Due to the presence of defects in CFRP laminates, unexpected strain measurements
might be observed during the drilling process [13]. In this work, a strain gauge rosette
with 8 gauges is used to provide redundancy and, thus, improve the reliability of the
strain analysis [13]. Figure 2b illustrates the setup of 8-rosette strain gauge already used
in previous works [1,13,23]. Please note that only strain information in three directions is
required for the residual stress evaluation using Equation (2). Eight different combinations
of strain gauge directions are employed in the present work: (1,2,3), (2,3,4), (3,4,5), (4,5,6),
(5,6,7), (6,7,8), (7,8,1), and (8,1,2).

Figure 3. Schematic detailing the stress states and hole depths considered to obtain the calibration
coefficients for the three initial drilling increments.

In order to determine the compliance matrices [C]ij, the corresponding coefficients
need to be calculated using FEA. In the present work, the commercial software ABAQUS
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was used. A cylinder with 500 mm in diameter (thickness according to the actual thickness
of the sample) was discretized with eight-node solid elements of type C3D8R. Figure 4
shows the finite element model, including local mesh refinement in the direct vicinity of
the drilled hole. The mesh refinement was performed manually by directly specifying
the number of elements based on the partitioning function in ABAQUS. The number of
elements was iteratively increased until changes in the calculated matrix coefficients became
negligible. The mesh in the model remained the same during the entire simulation process.
With respect to the prescribed mechanical boundary conditions, the circular boundaries are
fixed in all directions, while the part of the model below the hole is allowed to deform freely.

Figure 4. Finite element analysis model in ABAQUS software for calculating the calibration coeffi-
cients in orthotropic materials, displaying local mesh refinement in the direct vicinity of the drilled
hole (recompiled from [23]).

In the present work, a hole drilled in 25 increments was considered: 10 steps of 20 μm
and then 15 steps of 40 μm thickness. The calculation time for these 25 increments was about
7 days using a dual-processor Intel Xeon ×5660. The step size of 20 μm was not chosen
for the whole simulation in order to avoid high computational cost. In the experiment,
however, a step size of 20 μm was employed in the entire drilling procedure, ensuring a
smooth strain profile as a function of the drilling depth, in particular across the interface
between two adjacent layers. The experimentally determined strains were approximated
and smoothed with a polynomial of 6th order for residual stress evaluation. The strains
at a given depth, for which the calibration coefficients were calculated, were chosen for
evaluating the residual stresses.

Properties required as input include the stacking sequence and the actual material
properties of the unidirectional plies. Note that each unidirectional ply is considered to be
homogeneous and orthotropic, and plies differ only by orientation. The (residual) stresses
are prescribed as the boundary conditions on the hole walls for every actual total hole
depth. The relaxed strains follow from the displacement data. The drilling process is
simulated by removing material (elements) with the “Remove” function, using a Python
script written by the authors. This procedure is repeated until all calibration coefficients
are determined. More information on the calculation of the coefficients using FEA can be
found in [11].

2.2. Sample Manufacturing

One objective of the present work is to compare the residual stresses of samples featur-
ing different stacking sequences and thicknesses. One CFRP sample [0/45/90/135/180/
−135/−90/−45/0] (9 plies) with dimensions of 300 × 30 × 2 mm3 was manufactured
by the pre-preg-process technology employing a pressure of 0.5 MPa at a temperature of
200 ◦C. For further details on the manufacturing process, the reader is referred to [23].
After manufacturing, the sample was cooled down under a laboratory atmosphere with a
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cooling rate of approximately 100 ◦C/min. The carbon fiber pre-pregs used were of type
C U255-0/NF-E322/37% (with an epoxy resin content of 37%). In order to investigate
the influence of the stacking sequence on the residual stress state, a unidirectional CFRP
laminate (9 plies) was manufactured with the same process parameters. Furthermore, CFRP
laminates with different thicknesses of 1 mm (4 plies), 2 mm (8 plies), and 3 mm (12 plies)
were fabricated with stacking sequence [0/90]s. Again, the manufacturing and cooling
parameters are the same as detailed before. The mechanical properties of the unidirectional
plies used for fabrication of the different laminates are Ex = 126.15 (GPa), Ey = 7.97 (GPa),
Ez = 7.97 (GPa), νxy = 0.37, νxz = 0.37, νyz = 0.37, Gxy = 7.11 (GPa), Gxz = 7.11 (GPa), and
Gyz = 2.9 (GPa), experimentally determined according to DIN EN ISO 527 [13]. Figure 5
shows the dimensions and stacking sequence of the multidirectional CFRP sample. As this
sample is symmetrically constructed and, thus, characterized by a self-balanced residual
stress state, pronounced deformation (bending) was not observed after the sample was
removed from the die. Schematics for the other samples are not shown to avoid redundancy.

Figure 5. Dimensions and stacking sequence of the multidirectional CFRP [0/45/90/135/180/
−135/−90/−45/0] laminate.

2.3. Hole-Drilling Process

For the incremental HDM, a small hole at the geometrical center of a strain gauge
rosette featuring eight grids (Hottinger Baldwin Messtechnik, Figure 2b) was incrementally
drilled. The strain gauges were attached to the laminate surface and connected to a bridge
amplifier, using a supply voltage of 1 V. A carbide tungsten tool (ref H2.010, Komet) with a
nominal diameter of 1 mm was used for drilling. An air turbine was used with a drilling
speed of about 300,000 rpm (at 3 bar) and an orbital movement. Using this setup, the
formation of new stresses in the material can be effectively avoided since chips produced
by the side surface of the cutting tool have a shorter and less constrained exit path [13].
Because of the orbital movement, the final hole diameter is around 2 mm, which is in
accordance with the inner diameter of the strain gauge rosette. Small drilling steps of 20 μm
were chosen in order to have a smooth strain profile across the piles. In order to ensure
the accuracy of the strain measurement used for residual stress evaluation, it should be
emphasized that some further aspects have to be carefully considered: (1) precise alignment
of the strain gauge alongside the fiber direction (errors induced by misalignment of strain
gauges have been discussed in [13,23]), (2) exact position of the drill to be placed at the
geometric center of the strain gauge rosette [12], (3) adoption of the correct zero-depth
setting (an overestimation of residual stresses was reported for an incorrectly chosen zero-
depth setting [13]), and (4) the measured strains are approximated and smoothed with a
polynomial of 6th order for residual stress evaluation.

2.4. Microstructure Characterization

The two-dimensional cross-sectional microstructure was characterized using optical
microscopy (OM). Following manufacturing, samples were cut and embedded in an epoxy
resin. The embedded samples were ground down using 400, 600, 800, and 1500 grit size
silicon carbide abrasive paper and finally polished with 1 μm diamond paste. Defect
analysis within the sample volume was carried out using an RX Solutions EasyTom 160-150
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computed tomography (CT) system. For the investigations, samples with dimensions of
2.8 × 2.4 × 2 mm3 were cut from the center of the original laminates. CT scans were
conducted at 70 kV and 100 μA. These settings enabled a spatial resolution of smaller than
4 μm. A total of 1440 projections were collected at a pixel size of 4.5 μm. The volumetric
(absorption contrast) images were reconstructed using the Feldkamp, Davis, and Kres (FDK)
algorithm [24], cropped to the sample size, and normalized in the greyscale range. For
visualization of the pores, threshold-based segmentation was employed since the contrast
between ambient air and the CRFP samples was high. However, it should be noted that
pores being in size close to the voxel size cannot be detected reliably because of the partial
volume effect and noise. Thus, only pores with at least 9 μm in diameter (two voxels) were
retained.

3. Results and Discussion

3.1. Microstructure Characterization

In Figure 6, a cross-sectional optical micrograph of the multidirectional CFRP sample
(c.f. Figure 5) is shown, providing information on the thicknesses of the individual ply.
Beside the stacking sequence, these values are used as input parameters to the FEA model
for calculating the calibration coefficients (cf. Section 2.1). It can be directly seen that the
thickness of each ply is not exactly the same. The cross-sectional microstructures of the
other samples are not shown for brevity.

Figure 6. Cross-sectional microstructure characterization of the multidirectional CFRP sample.

Figure 7 shows an example of the cross-sectional microstructure of a drilled hole in
the multidirectional CFRP sample, detailing the quality and the depth of the drilled hole.
The results are representative for the other samples (not shown here) as well. The drilled
hole quality is of utmost importance for the accuracy of the residual stress evaluation.
According to ASTM–E837 [12], a reliable measurement (in the case of nonuniform residual
stresses) can be made up to a maximum depth of 0.4 times the diameter of the hole. Since
the hole diameter is 2 mm in the present work (cf. Section 2.3), a depth limit of around
800 μm is set. The depth of the hole shown in Figure 7, measuring 0.8 mm, is evidence of
the good controllability and high precision of the drilling device used. Moreover, the hole
is orthogonal to the bottom face of the sample, and substantial damage is not observed.
The aforementioned characteristics imply that the drilled hole is of good quality. However,
the used cutting tool is an end cutter with a chamfer on the edges (not shown), and related
effects are potentially enlarged by the air turbine vibration. Consequently, chamfers or
fillets are directly transferred to the blind hole bottom geometry, as can be seen at a depth
of 700 to 800 μm, shown in Figure 7. Thus, the results in this depth range are excluded from
the analysis.
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Figure 7. Cross-sectional optical micrographs of a drilled hole in the multidirectional CFRP sample,
embedded in resin.

In this section, the process-induced defect population in the uni- and multidirectional
CFRP samples is characterized, and the effect of stacking sequence on the porosity and
pore morphology is shown. Please be reminded that both samples consisted of nine plies
(same thickness) and were fabricated with the same process parameters (cf. Section 2.2).
The pre-preg technology used for fabrication is known for a variety of phenomena finally
contributing to pore formation [25]. Thus, the porosity and pore morphology are depen-
dent on material properties, reinforcement structure, stacking sequence, thickness, and
processing parameters (temperature, pressure, and curing time). Figure 8 depicts two- and
three-dimensional CT images. On the one hand, it is well-known that two-dimensional
images are section-biased, i.e., dependent on the cutting direction. However, cross-sectional
views can provide clear information on the volume fraction and shape of the pores. With
respect to the pore distribution, three-dimensional images provide additional information.
Therefore, both two- and three-dimensional data are shown.
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Figure 8. CT analysis of the CFRP samples: (a) Sketch of the cut planes for two-dimensional
microstructure characterization. Two-dimensional microstructure of unidirectional (b) and multi-
directional (c) CFRP. Three-dimensional microstructure of unidirectional (d) and multidirectional
(e) CFRP with pores shown in color.
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Figure 8a sketches the cut planes for two-dimensional microstructure characterization.
Figure 8b,c show cross sections along the three orthogonal directions for the uni- and multidi-
rectional CFRP, respectively. The section orientations are the same for both samples, and black
areas represent pores. In Figure 8b, it can be seen that many pores are present in the middle
area. This observation can be explained by an inhomogeneous distribution of the temperature
and curing degree in the middle of the sample, as well as by the fact that the trapped pores
in the middle of the sample have more difficulties in migrating to the edge during curing.
In contrast to the unidirectional CFRP, only a few pores are found in the multidirectional
sample. As reported in previous work [7], more pores could be induced in multidirectional
CFRP than in unidirectional CFRP owing to the following reasons: (1) because of the complex
stacking sequence, the air entrapment in multidirectional CFRP is more pronounced, and (2) a
nonuniform distribution of the pressure and temperature leads to a nonuniform curing degree
in multidirectional CFRP. However, the reverse case is observed in the present work, which
can be explained by the employed process parameters not being optimized for both types of
laminates. However, the present work focuses on the residual stress analysis, while process
parameter optimization was out of scope.

A three-dimensional image of the unidirectional CFRP sample is shown in Figure 8d,
revealing interlaminar and intralaminar pores. Most of the pores are elongated in the adjacent
fiber direction and are quite long (needle-like voids). In line with the two-dimensional images
in Figure 8c, the three-dimensional image of the multidirectional CFRP (Figure 8d) shows
hardly any pores at all, keeping in mind that pores of dimensions similar to the voxel size are
not displayed. Based on the assessment of CT data, the porosity of the uni- and multidirectional
CFRP is 1% and 0.05%, respectively.

3.2. Calibration Coefficients: Relation between Residual Stress and Surface Strain

Details about the calculation of the calibration coefficients have been introduced in
Section 2.1. In the following, the influence of the stacking sequence and the presence of pores
on the calculated calibration coefficients is presented.

3.2.1. Effect of Stacking Sequence

Although strain gauges with eight grids have been employed in the present work in
order to provide redundant strain information during drilling, only three grids are required
for residual stress evaluation. To assess the effect of stacking sequence on the calibration
coefficients, uni- and multidirectional CFRP samples with the same theoretical thickness (nine
plies) were investigated. For clarity, only C11ij of Equation (2) will be in focus here. Furthermore,
only grids No. 1 to 3 are considered, featuring angles with respect to the fiber direction of 0◦,
45◦, and 90◦, respectively.

Table 1 shows the calculated calibration coefficients C11ij for the uni- (a) and multidirec-
tional (b) CFRP, as well as the relative difference between the two samples (c) up to a maximum
hole depth of 400 μm. At this depth, two plies are drilled, whereas, in the multidirectional
CFRP sample, the first ply is at 0◦ fiber direction and the second ply at 45◦ fiber direction. From
Table 1, it can be seen that the values of the upper triangular matrix are zero (cf. Figure 3 for a
schematic explanation). Moreover, in each row, the absolute values decrease from left to right.
This observation can be rationalized by a smaller deformation induced on the sample surface by
force imposed on the bottom layer relative to an upper layer. Consequently, it can be concluded
that there is a limit to the maximum depth, as also reported in [12]. Furthermore, the absolute
values increase from top to bottom. This tendency is based on the fact that the compliance of
the material is increased when more layers are drilled. Generally speaking, a difference in the
calibration coefficients between uni- and multidirectional CFRP can be observed. Since even
in the first ply, featuring the same fiber orientation in both samples, differences are present, a
significant influence of the stacking sequence is demonstrated. For quantitative analysis, the
percentage deviations are shown in Table 1c, where the values of the unidirectional CFRP are
taken as reference. In the first ply, the highest difference of approximately 45% is at the first
removed increment, as the surface strain response is very sensitive.
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Table 1. Calculated coefficients C11ij of the unidirectional (a) and multidirectional (b) CFRP sample
and (c) the relative difference between both samples in percentage.

Depth
(μm)

20 40 60 80 100 120 140 160 180 200 240 280 320 360 400

20 −2.42 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 −2.74 −2.58 0 0 0 0 0 0 0 0 0 0 0 0 0
60 −3.02 −2.90 −2.69 0 0 0 0 0 0 0 0 0 0 0 0
80 −3.29 −3.18 −3.02 −2.76 0 0 0 0 0 0 0 0 0 0 0

100 −3.54 −3.43 −3.29 −3.10 −2.80 0 0 0 0 0 0 0 0 0 0
120 −3.78 −3.67 −3.54 −3.37 −3.15 −2.81 0 0 0 0 0 0 0 0 0
140 −4.01 −3.90 −3.77 −3.61 −3.42 −3.17 −2.81 0 0 0 0 0 0 0 0
160 −4.23 −4.11 −3.98 −3.84 −3.66 −3.44 −3.17 −2.78 0 0 0 0 0 0 0
180 −4.43 −4.31 −4.18 −4.04 −3.87 −3.67 −3.43 −3.14 −2.74 0 0 0 0 0 0
200 −4.62 −4.50 −4.38 −4.23 −4.07 −3.88 −3.65 −3.40 −3.10 −2.68 0 0 0 0 0
240 −4.97 −4.85 −4.73 −4.59 −4.42 −4.24 −4.04 −3.82 −3.57 −3.29 −5.51 0 0 0 0
280 −5.27 −5.16 −5.03 −4.89 −4.73 −4.55 −4.36 −4.15 −3.92 −3.68 −6.54 −5.16 0 0 0
320 −5.55 −5.42 −5.29 −5.15 −4.99 −4.83 −4.64 −4.43 −4.22 −3.98 −7.23 −6.14 −4.78 0 0
360 −5.77 −5.65 −5.53 −5.38 −5.23 −5.05 −4.87 −4.67 −4.46 −4.24 −7.77 −6.78 −5.70 −4.38 0
400 −5.97 −5.85 −5.72 −5.58 −5.43 −5.26 −5.07 −4.87 −4.67 −4.45 −8.23 −7.28 −6.29 −5.24 −3.98

(a)
Depth
(μm)

20 40 60 80 100 120 140 160 180 200 240 280 320 360 400

20 −1.33 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 −1.59 −1.47 0 0 0 0 0 0 0 0 0 0 0 0 0
60 −1.83 −1.74 −1.57 0 0 0 0 0 0 0 0 0 0 0 0
80 −2.06 −1.97 −1.84 −1.63 0 0 0 0 0 0 0 0 0 0 0

100 −2.28 −2.2 −2.08 −1.92 −1.69 0 0 0 0 0 0 0 0 0 0
120 −2.5 −2.41 −2.3 −2.16 −1.98 −1.72 0 0 0 0 0 0 0 0 0
140 −2.72 −2.63 −2.52 −2.38 −2.23 −2.03 −1.76 0 0 0 0 0 0 0 0
160 −2.93 −2.83 −2.73 −2.6 −2.45 −2.28 −2.08 −1.8 0 0 0 0 0 0 0
180 −3.14 −3.05 −2.94 −2.82 −2.68 −2.52 −2.34 −2.14 −1.87 0 0 0 0 0 0
200 −3.38 −3.3 −3.2 −3.08 −2.95 −2.8 −2.64 −2.48 −2.29 −2.05 0 0 0 0 0
240 −3.53 −3.44 −3.34 −3.22 −3.08 −2.94 −2.78 −2.62 −2.46 −2.27 −3.69 0 0 0 0
280 −3.62 −3.54 −3.43 −3.31 −3.18 −3.03 −2.88 −2.73 −2.57 −2.39 −4.15 −3.16 0 0 0
320 −3.7 −3.61 −3.51 −3.39 −3.26 −3.11 −2.96 −2.81 −2.65 −2.49 −4.4 −3.62 −2.77 0 0
360 −3.77 −3.68 −3.57 −3.45 −3.32 −3.17 −3.02 −2.87 −2.72 −2.56 −4.57 −3.87 −3.19 −2.45 0
400 −3.82 −3.73 −3.62 −3.5 −3.37 −3.23 −3.08 −2.93 −2.78 −2.62 −4.72 −4.06 −3.45 −2.87 −2.24

(b)
Depth
(μm)

20 40 60 80 100 120 140 160 180 200 240 280 320 360 400

20 0.450 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 0.419 0.430 0 0 0 0 0 0 0 0 0 0 0 0 0
60 0.394 0.4 0.416 0 0 0 0 0 0 0 0 0 0 0 0
80 0.373 0.380 0.390 0.409 0 0 0 0 0 0 0 0 0 0 0

100 0.355 0.358 0.367 0.380 0.396 0 0 0 0 0 0 0 0 0 0
120 0.338 0.343 0.350 0.359 0.371 0.387 0 0 0 0 0 0 0 0 0
140 0.321 0.325 0.331 0.340 0.347 0.359 0.373 0 0 0 0 0 0 0 0
160 0.307 0.311 0.314 0.322 0.330 0.337 0.343 0.352 0 0 0 0 0 0 0
180 0.291 0.292 0.296 0.301 0.307 0.313 0.317 0.318 0.317 0 0 0 0 0 0
200 0.268 0.266 0.269 0.271 0.275 0.278 0.276 0.270 0.261 0.235 0 0 0 0 0
240 0.289 0.290 0.293 0.298 0.303 0.306 0.311 0.314 0.310 0.310 0.330 0 0 0 0
280 0.313 0.313 0.318 0.323 0.327 0.334 0.339 0.342 0.344 0.350 0.365 0.387 0 0 0
320 0.333 0.333 0.336 0.341 0.346 0.356 0.362 0.365 0.372 0.374 0.391 0.410 0.420 0 0
360 0.346 0.348 0.354 0.358 0.365 0.372 0.379 0.385 0.390 0.396 0.411 0.429 0.440 0.440 0
400 0.360 0.362 0.367 0.372 0.379 0.385 0.392 0.398 0.404 0.411 0.426 0.442 0.442 0.442 0.437

(c)
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3.2.2. Effect of Pores

The underlying mechanisms for the formation of pores in CFRP have been detailed in
Section 3.1. As will be shown in the present section, the process-induced pores significantly
affect the residual stress measurement results obtained by HDM if they appear in high
density and large size in the direct vicinity of the drilled hole. In order to estimate this effect,
the FEA has been modified as follows: the elements to be drilled at a depth between 60 and
120 μm were set as pores, assigning Young’s modulus of 1 MPa and a Poisson’s ratio of 0.
Afterwards, the FEA was conducted with boundary conditions as previously described.
Since the multidirectional CFRP laminate is characterized by a very low degree of porosity
(Figure 8a,b), only coefficients for the unidirectional laminate have been calculated.

Table 2 shows the calculated coefficients C11ij for the unidirectional CFRP being char-
acterized by pronounced porosity at a depth between 60 and 120 μm. It is obvious that the
coefficients in the items of the matrix defined as pores (marked in red) have constant values.
In the incremental HDM, the coefficients are not only a function of the current drilling step
but also of all previous increments. Therefore, the coefficients of a porous sample are not
the same as in the case without pores. The influence of pores on the estimated residual
stresses will be shown in a subsequent section.

Table 2. Calculated coefficients C11ij of unidirectional CFRP under consideration of pores.

Depth
(μm)

20 40 60 80 100 120 140 160 180 200 240 280 320 360 400

20 −1.51 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 −1.76 −1.64 0 0 0 0 0 0 0 0 0 0 0 0 0
60 −1.98 −1.88 −1.75 0 0 0 0 0 0 0 0 0 0 0 0
80 −1.98 −1.88 −1.75 −1.59 0 0 0 0 0 0 0 0 0 0 0

100 −1.98 −1.88 −1.75 −1.59 −1.35 0 0 0 0 0 0 0 0 0 0
120 −1.98 −1.88 −1.75 −1.59 −1.35 −1.32 0 0 0 0 0 0 0 0 0
140 −2.30 −2.20 −2.08 −1.93 −1.76 −1.55 −1.27 0 0 0 0 0 0 0 0
160 −2.44 −2.34 −2.22 −2.08 −1.91 −1.72 −1.50 −1.22 0 0 0 0 0 0 0
180 −2.57 −2.47 −2.34 −2.20 −2.04 −1.86 −1.66 −1.44 −1.16 0 0 0 0 0 0
200 −2.69 −2.58 −2.46 −2.32 −2.16 −1.99 −1.80 −1.59 −1.37 −1.09 0 0 0 0 0
240 −2.89 −2.78 −2.66 −2.53 −2.37 −2.20 −2.02 −1.83 −1.63 −1.43 −2.18 0 0 0 0
280 −3.06 −2.96 −2.83 −2.69 −2.53 −2.37 −2.19 −2.01 −1.82 −1.64 −2.72 −1.90 0 0 0
320 −3.21 −3.09 −2.96 −2.82 −2.67 −2.50 −2.33 −2.15 −1.97 −1.79 −3.06 −2.37 −1.63 0 0
360 −3.32 −3.20 −3.08 −2.94 −2.78 −2.61 −2.44 −2.26 −2.08 −1.91 −3.31 −2.66 −2.04 −1.39 0
400 −3.41 −3.29 −3.17 −3.03 −2.87 −2.70 −2.53 −2.35 −2.18 −2.00 −3.51 −2.88 −2.30 −1.75 −1.18

3.2.3. Strain Results by HDM

Figure 9a and b show the strain-depth results for the uni- and multidirectional CFRP
samples, respectively. The absolute strain values increase with increasing drilling depth
because of the relief of the residual stresses. Here, strain gauges 1 and 5 of the strain
rosette employed (cf. Figure 2b) were aligned parallel with the fiber direction (of the top
ply), whereas strain gauges 3 and 7 were aligned orthogonal to the fiber. Theoretically,
strain values obtained by strain gauges 1 and 5 should be the same. However, a difference
is present, which can be explained by local defects or heterogeneity. This phenomenon
shows the significance of using the special strain gauge rosette to obtain sufficient strain
information in all directions. Figure 9b depicts the strain results of the multidirectional
CFRP sample up to a depth of 700 μm, crossing the first three plies with fiber directions of
0◦, 45◦, and 90◦, respectively. For clarity, the positions of the transition zones between the
neighboring plies are highlighted in the figure. At the first ply with the fiber direction of
0◦, the strain values obtained by strain gauges 1 and 5, i.e., in fiber direction, increase with
increasing depth, while strains decrease in other directions. This strain–depth behavior is
different from that in the unidirectional CFRP (Figure 9a) and is supposed to result from
the more complex stress state induced by the complex stacking sequence. In the second
ply with a fiber direction of 45◦, it is seen that the strains of strain gauges 1 and 5 start
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to decrease. Moreover, a change from compressive to tensile strain components can be
deduced from strain gauges 3 and 7. Consequently, the strong influence of a change in
the fiber direction, i.e., the stacking sequence, on the strain–depth response and, thus, the
internal stress state of CFRP laminates is seen.

(a) (b)

Figure 9. Measured surface strains in 8 directions as a function of drilling depth for (a) the unidirec-
tional and (b) multidirectional (b) CFRP.

3.2.4. Effect of the Stacking Sequence on the Residual Stresses

The residual stresses σx and σy of the uni- and multidirectional CFRP samples are
shown in Figure 10. Eight different combinations of strain gauges (c.f. Section 2.1) were used
for assessment. The residual stresses were evaluated using the experimentally determined
strains shown in Figure 9, and the calibration coefficients were calculated based on ply
elastic parameters, stacking sequence, and thickness of the samples. As can be seen from
the in-depth residual stress σx of the unidirectional CFRP (Figure 10a), at the surface
of the sample, a tensile residual stress of around 13 MPa is present. All strain gauge
combinations show the same results, except the combinations 2 and 6 (cf. Figure 2b), as
those do not contain the strain information in the fiber direction. With increasing depth,
the residual stress component continually decreases to about 0 MPa. When the depth
reaches 0.7 mm, the stress value starts to diverge strongly as the surface strain response
becomes insensitive. In direct comparison to σx, σy features a tensile value of around
4 MPa at the surface (Figure 10b), which is smaller than σx. With increasing depth, however,
σy steadily increases to around 8 MPa. Note that the positions of the interfaces between
plies in different samples are slightly different. After the residual stress measurement, the
position of the interfaces between plies was carefully characterized.

Figure 10c shows the depth profile of the residual stress component σx in the multidi-
rectional CFRP. At the surface, σx is characterized by tensile stress with a value of around
10 MPa. With increasing depth, then, the stress component switches several times from
tension to compression and vice versa. This is mainly induced by the variation of the
fiber orientation. Reaching the third ply with a fiber direction of 90◦, tensile stress is seen,
and this value increases with depth. In comparison, Figure 10d shows the residual stress
component σy in the multidirectional CFRP sample. Close to the surface, the residual stress
features a tensile value of around 25 MPa, decreasing then with depth. At the transition
zone between the first and second ply, σy starts to increase. Close to the transition zone be-
tween the second and third ply, σy changes from tensile to compressive. A smooth change
across the interface is obtained, which can be related to the following reasons: (1) small
drilling increments, (2) the measured strains are smoothed with a polynomial of sixth-order,
and the approximated strains are used for residual stress evaluation, (3) the step size in the
calculation of the coefficients is consistent with the one used in the measurement, (4) an
advanced formalism to evaluate the in-depth residual stresses for orthotropic materials, and
(5) high-quality manufacturing of the sample with only a few defects near the interfaces.
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(a) (b)

(c) (d)

Figure 10. Depth-dependent residual stresses σx (a,c) and σy (b,d) of uni- (a,b) and multidirectional
(c,d) CFRP, respectively, for 8 different combinations of strain gage directions.

Comparing the residual stress profiles between the uni- (a,b) and multidirectional (c,d)
CFRPs in Figure 10, it is found that the course of σx of the two samples is quite different.
Furthermore, absolute values of σy in the multidirectional CFRP sample are higher than
in the unidirectional sample. These differences can be explained by the following reasons:
(1) the complex stacking sequence in multidirectional CFRP increases the mechanical
strength in multiple directions, (2) the complex stacking sequence leads to the increase in
internal self-constraint force and, thus, promotes the evolution of higher residual stresses,
and (3) the nonuniform distribution of the curing degree results in a more complex stress
profile. In particular, the transition zones seem to have a significant influence only on the
stress profile in the multidirectional laminate.

3.2.5. Effect of the Laminate Thickness on the Residual Stresses

As will be discussed in the following, the thickness of a CFRP laminate has a signifi-
cant influence on the formation of residual stresses because of differences in temperature
gradient and curing degree. In the present work, CFRP laminate samples with a stacking
sequence of [0/90]s and with thicknesses of 1 mm, 2 mm, and 3 mm were investigated.
More details of the samples can be found in Section 2.2. Note that all calibration coefficients
were calculated based on the actual thickness and stacking sequence. Figure 11 shows the
stress components σx and σy experimentally determined for the CFRP samples investigated.
Regarding the samples with thicknesses of 2 mm and 3 mm (Figure 11c,d and Figure 11a,b,
respectively), the stresses are characterized by similar profiles. At both sample surfaces,
a tensile stress with a similar absolute value for σx can be seen. In contrast, for σy it is
seen that the stress in the sample with a thickness of 3 mm is larger than in the sample of
2 mm. Possible explanations are (a) complex temperature gradients and degree of cure,
which prevail in the thickness direction of the laminate during the curing process; these
local differences induce a spatially resolved material response and a viscoelastic stress
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development, and (b) the effect of chemical shrinkage on residual stress development is
increased with an increase in laminate thickness [5]. In the sample with 1 mm thickness, in
turn, compressive residual stresses σx with small values (−5 MPa) are found, which can
be explained by the sheer force between die and sample and the release of the residual
stresses after the sample is removed from the die. Both factors are more apparent in the
sample with 1 mm thickness because of the lower stiffness compared with other samples.

(a) (b)

(c) (d)

(e) (f)

Figure 11. Depth-dependent residual stresses σx (a,c,e) and σy (b,d,f) of CFRP with thickness of
3 mm (a,b), 2 mm (c,d), and 1 mm (e,f), respectively.

3.2.6. Effect of Porosity on the Residual Stresses

As already detailed before, pores can be induced in the manufacturing process. These
can affect the residual stress measurement using HDM. To consider the pores in the FEA
geometry for the calculation of the calibration coefficients, ideally, the defect population
within a sample is to be measured before drilling, using any nondestructive technology,

247



J. Compos. Sci. 2022, 6, 138

e.g., CT. In practice, however, this procedure is not viable. Because of the need for a
high-resolution CT system to resolve pores in CFRP, the sample in question suffers strict
limitations regarding its dimensions. Furthermore, strain gauges cannot be attached
to the surface of a CT sample for the same reason. Therefore, following the analysis
shown in Section 3.2.2 detailing the influence of artificially defined pores on the calibration
coefficients, those results are used in the present work to evaluate the effect of pores on the
resulting residual stresses as well. We choose the unidirectional CFRP sample for analysis.
Figure 12 shows the residual stress profile of σx in the sample using calibration coefficients
of defect-free and porous material for evaluation. The results are derived from strain gauges
1, 2, and 3. As mentioned in Section 3.2.2, pores at a depth of 0.06 mm to 0.12 mm were
accounted for in the model. As a consequence of these differences, a maximum difference
of 46% in stress between the two sample conditions can be observed at a hole depth of
0.65 mm. Eventually, based on the theory used in incremental HDM, any defects present
in the upper layers also affect the results in the deeper parts of the sample. Note that the
labels in Figure 12, “With pore” and “Without pore”, refer to the consideration of pores in
the calculation of calibration coefficients.

Figure 12. Residual stress profiles for the material being free of pores and featuring porosity.

3.3. Validation of Residual Stress Measurement

The objective of this section is the validation of the residual stress measurements (in
multidirectional CFRP) using bending tests employing a defined loading condition. The
stacking sequence and dimension of the sample can be found in Section 2.2. This procedure
was already used successfully for thin metal sheets and polycarbonate material [1,23]. As
shown in Figure 13, for validation, a residual stress measurement is initially conducted at a
distance of 40 mm from the free edge of the CFRP beam. One side of the sample is clamped,
while the other side is loaded (cantilever beam). With the given load, the bending stresses
within the whole sample can be calculated via FEA. In the present study, a maximum force
of 814 N is applied, leading to the stress of about 100 MPa in the longitudinal direction
on the surface at the drilling point. Under constant load, another hole is drilled next to
the first one (being drilled without external load) at a distance of 5 mm. Without loading,
the residual stresses of two adjacent points are supposed to be very similar. Therefore,
the stress induced by loading is obtained as the difference between the measured residual
stress values (without external load) and the total stress values (with external load).
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Figure 13. Experimental setup used for validation of the residual stress profiles.

In Figure 14, the measured stress values in the longitudinal direction are directly
compared to the values from the FEA, where the dashed line corresponds to the FEA
results. In general, a good agreement between experimental and numerical results can be
seen. With respect to the first ply featuring a fiber orientation of 0◦, i.e., being parallel to
the longitudinal direction, the discrepancy between simulation and experimental results at
a depth of 0.1 mm is around 5.2%. Close to the first interface between the first two plies, an
apparent discrepancy can be seen. At the second ply with a fiber orientation of 45◦ with
respect to the longitudinal direction, the stress level is reduced as the mechanical strength
in the longitudinal direction is decreased. While a good agreement can still be observed
within the second ply, again, a clear difference between numerical and experimental
results is present at the second interface. At the third ply with fiber orientation of 90◦,
i.e., perpendicular to the longitudinal direction, the lowest stresses, which are in good
agreement with the simulation, can be observed as the mechanical strength perpendicular
to the fiber direction is low. In the following, however, with reaching a depth of 0.55 mm, a
clear discrepancy between the numerical and experimental results appears. This tendency
results from the increasing insensitivity of the strain measurement on the sample surface
with increasing hole depth.

Figure 14. Validation of the residual stress measurements in the multidirectional CFRP sample based
on the assessment of stresses introduced by superimposed load and a direct comparison to FEA.
Solid lines show experimentally determined bending stress, while the dashed line illustrates the FEA
results. See text for details.
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It can be concluded that, in general, a good agreement between numerical and ex-
perimental can be achieved, implying that the measurement results through HDM are
reliable. The apparent discrepancy at the interface between plies can be attributed to the
following reasons: (1) the assumption that the laminate is perfectly bonded in the calcula-
tion of the calibration coefficients, (2) the local defect population and heterogeneity of the
CFRP samples affect the experimental results; however, they are not considered here (see
discussion before), and (3) the experimentally determined strains are approximated with a
polynomial of sixth order for residual stress evaluation. Thus, it is capable of providing a
smooth residual stress profile but losing some information at the interface.

4. Conclusions

In the present work, residual stress measurements of carbon fiber reinforced plas-
tics (CFRPs) are conducted and analyzed. The residual stresses were measured through
the incremental hole-drilling method (HDM), adopting a formalism for nonuniform in-
depth stress analysis in orthotropic materials. Special strain gauges with eight grids were
employed for recording strains released by drilling in multiple directions to improve the re-
liability of the analysis. The calibration coefficients (compliance matrix) were calculated by
a finite element analysis (FEA) based on single-ply material properties, stacking sequence,
and thickness of the sample. In addition, the two- and three-dimensional microstructures
of uni- and multidirectional CFRP were characterized.

A comprehensive analysis of the effects of stacking sequence, thickness, and the
presence of pores on the residual stresses is presented. The following conclusions can be
drawn from the results shown:

• The two- and three-dimensional microstructures of unidirectional and multidirectional
CFRP samples were characterized by computed tomography (CT). Pores were found
in the samples, indicating the significance of taking into account these pores in residual
stress analysis. Analysis of the effect of pores was implemented in the calibration
procedure. Pores were artificially defined for the calculation of the calibration coeffi-
cients in a depth of 0.06 mm to 0.12 mm. Those results were used to evaluate the effect
of pores on the resulting residual stresses. A maximum difference of 46% in stress
between defect-free and porous material sample conditions can be observed at a hole
depth of 0.65 mm;

• Based on FEA, the effect of the stacking sequence and the presence of pores on the
calibration coefficients were studied. The stacking sequence and overall dimensions
of the CFRP samples have a significant influence on the residual stress state;

• For validating the reliability of the measured residual stress through incremental
HDM, a bending test applying a defined load was carried out. The residual stress
measurements were compared with the stress values calculated by FEA (beam theory).
A good agreement could be found in individual plies. The present apparent discrep-
ancy at the interface between plies is due to the following reasons: (i) the laminate is
assumed to be perfectly bonded, and (ii) the experimentally determined strains are
approximated with a polynomial of sixth order for residual stress evaluation, losing
some information at the interface.
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Abstract: Following the rising technological advancements on composite marine structures, there
is a corresponding surge in the demand for its deployment as ocean engineering applications. The
push for exploration activities in deep waters necessitates the need for composite marine structures
to reduce structural payload and lessen weights/loads on platform decks. This gain is achieved by its
high strength–stiffness modulus and light-in-weight attributes, enabling easier marine/offshore oper-
ations. Thus, the development of composite marine risers considers critical composite characteristics
to optimize marine risers’ design. Hence, an in-depth study on composite production risers (CPR) is
quite pertinent in applying composite materials to deep water applications. Two riser sections of 3 m
and 5 m were investigated under a 2030 m water depth environment to minimise structural weight.
ANSYS Composites ACP was utilized for the CPR’s finite element model (FEM) under different load
conditions. The choice of the material, the fibre orientation, and the lay-up configurations utilised
in the modelling technique have been reported. In addition, the behaviour of the composite risers’
layers under four loadings has been investigated under marine conditions. Recommendations were
made for the composite tubular structure. Results on stresses and weight savings were obtained from
different composite riser configurations. The recommended composite riser design that showed the
best performance is AS4/PEEK utilising PEEK liner, however more work is suggested using global
design loadings on the CPR.

Keywords: composite riser; tailored local design; finite element model (FEM); marine pipeline risers;
composite marine structures; numerical modelling; advanced composite material; stress

1. Introduction

Presently, the global demand for oil/gas products has induced the incremental need for
rapid technological advances in novel materials [1–6]. Such an advancement in composite
materials has been induced by the increased application of marine composites [7,8] and the
shift in the fluid-transfer operations from shallow water to deep water [9–13]. This trend is
particularly evident in the developments achieved on deep water composite risers [14–18].
However, the deep water operations require more riser lengths, resulting in a considerable
increment in weight. The number of the risers needed depends on the type of offshore
structure, the type of risers required, the riser configuration considered, and the water
depth [19–22]. Improving the riser technology is a challenge, as such composite materials
are recommended as an excellent choice. The composites proffer superior positives, which
can be utilised. These benefits include weight gains, high strength attributes, high fatigue
resistance, low bending stiffness, high corrosion resistance, and light weight [23–30]. Due
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to the exciting features of composite materials, there is growth in the application and
recent research on offshore composites, marine composites, and composite risers [31–40].
However, recent studies on these structures reflect the necessity to design composite risers
by considering the loadings including environmental loads [41–48]. A typical composite
riser pipe technology called M-pipe developed by Magma is shown in Figure 1.

  
(a) (b) 

Figure 1. Composite riser pipe section with Magma m-pipe end fittings, showing (a) end-fitting with
fittings, pipe, seal and smaller flange (b) end-fitting coupled with pipe and bigger flange with unique
bolt ends (courtesy: Technip FMC’s Magma Global).

Composite marine risers have been considered for deployment, utilisation in deep
waters, and as composite production risers [49–58]. These studies reflect different novel
approaches on composite riser design and analysis. These studies also underpin the
stress deformations alongside the buckling attributes of the structure. Research on com-
posite risers stems from previous studies on shells, composite tubulars, and cylindrical
structures [34,59–65] as seen in current related standards [66–71]. The first successful de-
ployment of composite risers was a joint for composite risers installed on the Heidrun
offshore platform [2,23,72–74]. Subsequently, the design evolution of composite risers has
been achieved progressively for over 30 years [2,14–18,23]. The solutions on weight reduc-
tion and efficiency improvement were conducted using fibre reinforcements at an angle of
+/− 55◦ by Doris Engineering [15]. The authors presented their design that assumed the
fibres in each layer were load-bearing, according to netting theory [25,74–78]. However,
there were no stresses in the transverse direction, and that resulted in an efficient angle
of +/− 54.7◦. This study helped in the application of the filament winding technique on
composite risers [60,61], design of prototypes [17,38,79,80], experimental tests [81–86], and
the global–local design [42–46,87–91] and safety-reliability assessments [92–95]. Similarly,
the developments led to advances in end-fitting designs, the metal–composite interface
(MCI), debonding, delamination, and composite riser joint design. In a nutshell, more stud-
ies focused on the strength performance, buckling, material choice, and fibre orientation
and optimization of composite risers [96–105]. The technology for composite risers is not
fully enabled for full deployment. It is currently used as a hybrid riser system, since it
is a supporting or enabling technology which implies that it requires more investigation
for its qualification for deep water applications [106]. Jha et al. [107] presented various
optimised hybrid composite pipe solutions by appreciating the variety of composite pipe
design concepts and addressing key concerns bearing on both the manufacturing and
customer acceptability point of view. Tan et al. [44] investigated 1500 m composite risers by
utilising coupling analysis in both global and local analysis, whereby the authors found that
titanium liner had lesser root mean square (RMS) strains than aluminium liner. However,
the technology challenges for composite risers are based on the weight of risers limiting
their lengths and motion of offshore operation facilities when applied further into deep
waters [35–37,47,89]. An illustration of the composite marine risers with loads acting on
the structure is represented in Figure 2.
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Figure 2. Typical composite riser showing composite stack-up, cross-section, and some loads (not
drawn to scale).

Another engineering challenge is the qualification of lengthy CPRs, as more novel
optimized designs are required. Some discussions on optimization were presented in differ-
ent literature [97–104]. Harte et al. [101,102] carried out some optimisation techniques on
composite pipelines using a safety factor of 4.5. The authors observed that to lessen the com-
posite pipeline’s weight, optimisation had to be conducted around the composite pipeline
joint (CPJ). They also found a significant reduction in the peak stresses and the weight of
the pipeline. Composite riser designs evolved into optimized designs as presented with a
prototype using bonded and unbonded armours [108]. Amaechi et al. [87,88] introduced a
novel numerical approach for the 18-layered composite riser structure using the ANSYS
Composites ACP module and presented some safety factors on the structure under six
unique loading cases and concluded that the finite element model was recommended
for the validated design. Wang et al. [45–48,89] investigated global and local design of
composite risers using ANSYS APDL and presented stress profiles for some configurations
used to investigate the reduction in the structural weight under critical load cases. In
addition, this technique considered the manual tailoring effects by using multiple variables
for less, which was later optimised using surrogate-assisted evolutionary algorithm (SAEA)
optimisation [104], which led to a weight reduction of 25% from the designs. Singh and
Ahmad [91] presented a numerical design of carbon epoxy composite production risers
carried out using ABAQUS AQUA in random water waves and investigated the global and
local design using steel liner by considering the limit state failure criteria and validated
the study with a composite riser model by Kim [108]. Other numerical methods deployed
include homogenization of the multilayered composite offshore production risers [109,110].
In another study on the failure analysis of composite cylindrical structure by Bhavya
et al. [111], the failure criteria applied were the Tsai-Wui and the maximum normal stress
theories. They studied the influence of diameter to thickness ratio under pressure loads on
four-layered and six-layered cylindrical structures using the finite element model.

The tailored local design on composite risers for deep water environments to minimise
the structural weight is presented herein. In this paper, Section 1 presents the introduction,
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Section 2 presents the analytical model, Section 3 presents the numerical model, Section 4
presents the results and discussion, while Section 5 presents the concluding remarks. The
study will aid the development of the global design of composite risers under different
configurations for riser installation and deployment.

2. Analytical Model

2.1. Stress and Deformation

Consider a thick laminate of the composite riser formed by more plies for the composite
laminas. In theory, the laminas are made up of two components, called M and N, where
M is the representative volume of the total composite riser body and N is the number of
fibre orientations. The material is considered in both the cylindrical coordinate system and
cartesian coordinate system. The z-axis lies perpendicular to the plane of the laminae as
given in Figure 3. With regards the effective macroscale of the composite material, the stress
and strain definitions for the material are respectively given by Equations (1) and (2) [91]:

σij =
1
M

∫
M

σijdM (1)

εij =
1
M

∫
M

εijdM (2)

Let us consider the point where both the stress and strain values on each of the com-
posite riser lamina are constant. At this point, integrate the set of equations in Equations (1)
and (2) to obtain Equations (3) and (4) [91]:

σij = ∑N
k=1 Mkσij

(k) (3)

εij = ∑N
k=1 Mkεij

(k) (4)

In this research, the 18 layers of the composite riser under internal pressure load are
represented by N = 18. The material model of the cylindrical composite riser is depicted by
a cylindrical coordinate system, where r represents the radial, θ is the hoop, and z is the
axial coordinate. The strains and stresses in cylindrical riser pipe do not depend on θ when
it is asymmetrically loaded.

Both the radial displacement and axial displacements are independent on the ra-
dial coordinates (r) and axial coordinates (z), respectively. Thus, the displacement field
for the composite riser can be enunciated in Equation (5), where ur, uθ, and uz are the
displacements for the radial, hoop and axial directions, respectively.

ur = ur(r), uθ = uθ(r, z), uz = uz(z) (5)

where the reference frames are denoted by MPCS (material principal coordinate system)
and CPCS (cylindrical coordinate system), as in Figure 3.

The characteristic effects of both twist (shear twist) and Poisson ratio are considered
for each lamina of the anisotropic material. For the N-layered cylindrical composite riser,
2 N + 2 unknown constants are to be obtained for each of the layers. This is determined
based on stress–strain relationship, stress–displacement relationship, and the boundary
conditions for the system.
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Figure 3. Representation of cylindrical coordinate and material principal coordinate systems.

2.2. Elastic Solution of Stresses

The classical laminate theory has been utilised in the design approach for the CPR. This
is used to evaluate the stack-up and laminate properties by considering the laminate forces.
The composite riser is considered as a shell model with nodal deformations. Adequate
bonding of the layers is necessary to ensure less stress on the laminates. The material
properties for the composite riser are provided for each layer with different thickness, as
described in Section 3. The mechanical behaviour of the composite riser is dependent on
the material attributes, the orientation angle of the lay-ups, and the laminate thicknesses.
Although risers are slender structures, we design the composite riser as a shell with
characteristic values. These are given as the in-plane laminate stiffness and flexural laminate
stiffness, respectively. Under operational conditions, we can formulate the boundary
conditions for the composite riser.

Consider the three-dimensional material properties for multilayered composite mate-
rials, having engineering constants where the matrix elements for the material modulus are
given by Cij (i, j = x, y, z) and Gii (i = x, y, z). Assume transverse isotropy for the unknown
equivalent characteristics along the y-z axis of the unidirectional composite material(s).
The denotation for the engineering constant is Ei (i = x, y, z), the material’s principal axis
along the fibre direction is x, and the material’s principal axis along the transverse direction
is y; thus the illustration in Figure 3.

2.3. Constitutive Equation

For the local design of the composite risers, consider a composite hose tube acted upon
by internal pressure; thus, it will be subject to the orientation of the composite laminate
and the winding angle ∅. However, when there is axisymmetric loading acting on the
composite tube, such as internal pressure loads, the relationship for the stresses and strains
becomes dependent on θ, such that Equation (6) holds, where u, σ, and ε represent the
displacement vector, stress tensor, and strain tensor, respectively.

∂u
∂θ

= 0,
∂σ

∂θ
= 0,

∂ε

∂θ
= 0 (6)
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There will be a resultant force that acts laterally on the material of the composite
hose tube or composite riser pipe when it is subjected to constant internal pressure. That
resultant force is proportional to the constant tension force which produces a constant
axial strain. Considering the stress analysis of composite tubes and composite risers, it is
determined based on the thickness of the wall. For the present study, the stress analysis
of thick-walled composite is applied. Details on the numerical modelling approach are
discussed in Section 3. The results of this analytical model were computed and compared
with the numerical model as presented in Section 4.1. See analytical formulations in [112].

3. Numerical Model

3.1. The Model Design

The model designed for the CPR in this research is the local design investigated
utilising the ANSYS workbench. It was used to design the riser by considering it as a multi-
layered structure. A comparative study between the tailored model and the conventional
model of the composite riser was conducted in the local design. Optimisation and global
design were also carried out but not detailed in the present study. The particulars for the
CPR are detailed in Table 1. This design was carried out for a CPR operating in a water
depth of 2030 m. The effective weight of the riser was taken into account in the riser’s
tension computation depending on the wall thickness(es) utilised. The extreme cases for
the burst analysis are not included, and the tension of the riser was designed differently.
In the design of the composite riser, three approaches were considered: numerical design,
conventional design, and analytical design. The constitutive model for the composite riser
was derived using the analytical design. The traditional design of composites is based on
orthogonal design, in which laminate reinforcements are exclusively positioned along the
hoop and axial fibre directions. In this approach, the composite risers’ plies are oriented
similarly, wherein both the axial and hoop layers are oriented at 0◦ and 90◦, respectively.

The composite riser design was analysed by applying maximal stress distribution
as the failure criteria. This was on each composite lamina (layer), as the design targets
the implementation in deep waters. The effects of the fibre orientation and material
combinations were investigated in in-plane shear, transverse, and fibre directions. The
distribution was formulated under four different load cases. In order to analyse the stresses
in composite riser body of the composite materials, we used the finite element model (FEM)
software, utilising ANSYS ACP (versions R18.2 and R1 2021) [113,114]. Two riser sections
of 3 m and 5 m were applied in the local design, and the consequence of the burst case was
validated numerically. The riser design was considered for application in deep waters of
about 2030 m depth. The water depth is vital for global design, which is not conducted
herein; however, further considerations should include the global design of the composite
riser.

Table 1. Parameters for the composite riser model.

Particulars Value Unit

Material Composites -

Number of Layers 17, 18, and 21 -

Failure Criteria Max. Stress -

Innermost Layer Liner -

Outer Diameter 0.305 m

Length of Riser Section 3.000 m

Ocean Depth 2030.000 m

Surface Area 7.661 m2
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3.2. Material Properties

The material properties considered in this local design are used to model the com-
posite riser. The setup for the material model includes the materials for the matrix, the
fibre reinforcements, and the liners considered in the design, as presented in Tables 2 and 3.
The scientific basis for selecting parameters in Tables 2 and 3 is based on specifications
recommended in the ABS industry standard [70]. The design considerations for the con-
ditions for the composite production riser (CPR) are pressure resistance, fluid tightness,
and fluid capillarity. As such, the choice of design materials for the CPR, particularly the
liner, includes the prevention of fluid leakage. On that note, the key considerations are not
only the choice of the fibre reinforcements and the matrix but also the materials selection.
Hence, the materials selected must be able to withstand different mechanical loadings and
different environmental conditions, as specified in DNV and ABS standards [66–70]. Con-
sidering a composite marine riser that is fully operational, high pressure conditions must
be considered. The elastic constants considered in the material properties were utilised
based on the theory applied by Sun and Li [115]. Based on the classical laminate theory,
the laminates for the composite riser were efficiently analysed. The walls of this composite
marine riser are considered as thick laminates. Thus, higher-order mathematical theories
(HOMT) with three-dimensional (3D) material characteristics are required. The homoge-
nous solid was used for a characteristic lengthwise span of the CPR. Due to deformation in
the global composite riser, there is comparative deformation when compared to composite
materials of shorter lengths. Considering the classical laminate theory (CLT), constants
on the in-plane effective properties of the composite body can be generated. Thus, there
must be three-dimensional effective properties. The material properties of the composite
riser depend on time, static loads (tension and pressure), and environmental conditions
(such as temperature, chemicals, or water). These properties were obtained via several
validated scientific studies, as in referenced publications and technical reports [116–119].
These selected composite materials were also validated for the composite riser model, using
verified modelling methods [3–5,87–91].

Table 2. Material characteristics for unidirectional FRP lamina.

Parameter/
Description

Fibre Volume
Fraction

Density
(kg/m3)

E1

(GPa)
E2 = E3

(GPa)
G12 = G13

(GPa)
G23

(GPa)
σT

1
(GPa)

σc
1

(GPa)
σT

2
(GPa)

σc
2

(GPa)
τ12

(GPa)
V12 = V13 V23

(APC2)
IM7/PEEK 0.55 1320.0 172.00 8.30 5.50 2.80 2900 1300 48.3 152.0 68.0 0.27 0.48

(V2021) Carbon
fibre/Epoxy 0.55 1580.0 10.32 10.32 7.97 3.70 4900 1470 69.0 146.0 98.0 0.27 0.50

(APC2)
P75/PEEK 0.55 1773.0 280.00 6.70 3.43 1.87 668 364 24.8 136.0 68.0 0.30 0.69

(T700) Carbon
fibre/Epoxy 0.58 1580.0 230.00 20.90 27.60 2.70 4900 1470 69.0 146.0 98.0 0.20 0.27

(APC2)
AS4/PEEK 0.58 1561.0 131.00 8.70 5.00 2.78 1648 864 62.4 156.8 125.6 0.28 0.48

(S-2) Glass
fibre/Epoxy 0.55 2464.0 87.93 16.00 9.00 2.81 4890 1586 55.0 148.0 70.0 0.26 0.28

(938)
P75/Epoxy 0.55 1776.0 310.00 6.60 4.10 2.12 720 328 22.4 55.2 176.0 0.29 0.70

(938)
AS4/Epoxy 0.60 1530.0 135.40 9.37 4.96 3.20 1732 1256 49.4 167.2 71.2 0.32 0.46

FRP—fibre-reinforced plastics; S-2—AGY glass fibre; T700—Toray carbon fibre; PEEK—polyether-ether-ketone.
1st subscript—fibre path; 2nd subscript—transverse path; 3rd subscript—in-plane shear path. Composite ply
calculations were on stress components with orientations in these 3 directions called stress directions or stress
paths. V1, V2, V3—Poisson’s ratios; G12, G13, G23—shear moduli; E2, E2, E3—elastic moduli. HS—high-strength;
superscript C—compression; superscript T—tension.
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Table 3. Material characteristics for liners.

Parameter/Description
Poisson’s
Ratio, V

Elongation at
Break (%)

Ultimate Stress
(MPa)

Yield Stress
(MPa)

Elastic Modulus
(MPa)

Density
(kg/m3)

(Victrex) PEEK 0.400 45.00 125.0 110.0 4.0 1300.0

HDPE 0.460 10.00 43.0 1350.0 565.0 995.0

(Nylon PA) PA12 0.400 10.00 54.0 1500.0 540.0 1010.0

PVDF 0.400 10.00 54.0 1540.0 550.0 1780.0

(X80) Steel 0.300 5.90 950.0 880.0 207.0 7850.0

(1953T1) Aluminium alloy 0.300 7.50 540.0 480.0 71.0 2780.0

(Ti6Al4V) Titanium alloy 0.342 14.00 950.0 880.0 113.8 4430.0

PEEK—polyether-ether-ketone; HDPE—high-density polyethelene; PVDF—polyvinylidene fluoride; PA12—
polyamide 12.

3.3. Stack-Up Sequence

Modelling of the composite riser layers was conducted by considering the arrangement
of the plies. The layers were arranged by considering the stack-up sequence in Table 4. This
included the arrangement of the matrix and the fibre reinforcements. Sketch of stack-up
sequence of laminate ply showing different layer orientations is shown in Figure 4. Table 4
only shows the matrix mix using titanium liner, but other liners were also used as seen in
Section 4. The rules of matrix used in this study are not discussed herein. However, it is
noteworthy that the rules of matrix should be considered in selecting the matrix mix, liners
and the stacking sequence (see related literature [87,88,112]).

(d) 

Figure 4. Fibre reinforcements for (a) axial ply, (b) hoop ply, and (c,d) off-axis plies.
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Table 4. Selected design, stack-up sequences, material configurations, and CPR’s composite lamina
orientations.

Liner Material
Liner Thickness

(mm)
Fibre Matrix Lay-Up

Lamina Thickness (mm)

0◦◦◦ ±±±53.5◦◦◦ 90◦◦◦

Titanium 9 AS4 PEEK [903,(±53.5)5,05] 1.84 1.48 0.6

Titanium 9 IM7 PEEK [903,(±53.5)5,05] 1.84 1.48 0.6

Titanium 9 P75 PEEK [903,(±53.5)5,05] 1.84 1.48 0.6

Titanium 9 AS4 Epoxy [903,(±53.5)5,05] 1.84 1.48 0.6

Titanium 9 IM7 Epoxy [903,(±53.5)5,05] 1.84 1.48 0.6

Titanium 9 P75 Epoxy [903,(±53.5)5,05] 1.84 1.48 0.6

3.4. Design Load Cases

Five (5) different loading cases have been investigated on the local design in Table 5.
The loadings on this CPR designed in this research were conducted using the load cases
stipulated in industry recommendations on designing CPRs [66–70]. Figure 2 depicts the
loads acting on a typical CPR. The fixed ends of the composite riser section include a top
boundary and bottom boundary as in Figure 5. The boundary condition for the burst
load was developed using one fixed end while the other was free with an end effect. Both
the pressure and tension loads considered on the CPR are tabulated in Table 5. Both the
composite body and the liner contribute to the effective weight of the CPR. According to
the ABS Standard [70], effective tensions are established from dual trials. The first is the
riser model’s effective weight when the annulus is filled with mud. A safety factor of 1.5
was used, as recommended by the standards. The second factor is the effective weight
of the riser model with an oil-filled annulus. A safety factor (S.F) of 2.25 is indicated in
recommendations from the ABS standard for the tension study, but S.F. of 2 was applied.

Table 5. The design loadings for modelling the composite riser.

Design Loads Parameters Detailed Information of Load

Design Load 01 Tension Load Using 2.25 as factor of load and the max. tensions

Design Load 02 Internal Pressure (Burst) + effect of load at ends Using the int. pres. at 155.25 MPa is utilised

Design Load 03 External Pressure (Collapse) Using the ext. pres. at 60.00 MPa is utilised

Design Load 04 Combined—Tension cum Internal Pressure Using the int. pres. at 155.25 MPa for the tensions

Design Load 05 Combined—Tension cum External Pressure Using 2.25 as factor of load for 19.50 MPa ext. pres.

Figure 5. Stress result for ply 17 in ANSYS ACP.
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3.5. Design Method

In the numerical approach, the composite riser’s reinforcements were developed in
three directions: axial, angled, and hoop. This provided different orientations for this
composite riser as designed. Furthermore, the plies’ stacking lay-up pattern and angles
of the fibres for the composite riser’s structure were meticulously planned and specially
arranged. This is depicted in Table 4. The liner properties are given in Tables 2–4, and
different orientations were used. The riser design is a multilayered tubular structure
having eighteen (18) layers. Figure 6 presents the simplified methodology for the design
approach used. This procedure was followed in order to obtain the optimum model for
the project, as researched. This method is iterative with an advantage of presenting the
strength performance of more layers. After inputting the basic design parameters, a finite
element (FE) investigation was undertaken. With these variable values, the boundary
conditions were set as fixed at one end and open at the other end. The burst load case
was first conducted to calculate the composite riser’s thickness. At this point, a decision
was taken, leading to a corresponding update to be carried out on the CPR model. Hoop-,
angled- (or off-axis), and axial-reinforced bracings were considered in the tailored local
design. In addition, the hoop- and axial-fibre-reinforced bracings were considered in the
conventional orthogonal method. In the design, the burst case dictates the performance
results of the composite riser. It is the fundamentally crucial loading for the design and
also firstly investigated among other loadings. When the burst case results show good
performance, the other load cases in the model will also have good performance. Thus, the
burst load case is considered the most sensitive of all the load cases.

Figure 6. Simplified methodology for the design approach.
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3.6. Stress Plot Criteria

The stresses for each layer were obtained and plotted in series of the composite riser.
The stress distributions were obtained from the top, middle, and bottom locations of the
composite riser layers as depicted in Figure 7. The results for each of the load cases are
presented in Section 4. The results are from the laminae directions, as illustrated in Figure 8.
The typical stress result is depicted in Figure 5. Maximum stress criterion was used to
determine the Factor of Safety (FOS) for failure in the first ply. Using ANSYS ACP module,
the design criterion was chosen with caution, by incorporating numerous failure criteria
such as maximum stress, LaRC, and Puck rather than employing a single criterion. For
each load instance, these criteria were utilised to consider all the out-of-plane and in-plane
shear stress components in each composite lamina. This method was then carried out again
by guesswork to optimise the design. Thus, the trials involved the use of different layer
thicknesses and configurations until a minimal safety factor was obtained as 1.0.

 

Figure 7. Layers of composite riser depicting locations of top, mid, and bottom for stress plots.

Figure 8. Illustrations of composite laminae showing (a) axial cum hoop directions, (b) the composite
tubular and (c) its lay-up.
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3.7. Finite Element Modelling

Table 1 lists the characteristics of the composite riser. The composite riser’s finite
element modelling (FEM) was carried out numerically in ANSYS Composites ACP. For
the FEA, 3D layered structural solid elements called Solid 186 elements were used. This
class of element can allow quadratic displacements as well as 3-degrees-of-freedom trans-
lation motion around the vertices. These linking vertices (or nodes) are 20 in number.
Solid-186-layered components were used to simulate CPR laminates. Therefore, Solid-186-
homogenous element was utilised to simulate solitary elements such as radial axis liners.
The circumference of the sketched CPR section in Figures 4–8 were designed in ANSYS
Design Modeler. Figures 4 and 5 show that the CPR model has two end-edges located at the
top and two edges located at the bottom created using two semicircles at each end. Next,
two side edges were designed to define the circumferential divisions on the outer wall of
the composite riser. The FEM was performed utilising a ratio of axial to circumferential
divisions as 50:65 per semicircle. 6000 nodes and 6500 elements were applied in the first
finite element model, whereas in the second model, there were 8632 nodes and 8684 ele-
ments in the finite element model. In ANSYS ACP, the composite riser was modelled as
a shell structure to apply the composite materials. The material layup for the composite
riser was designed for different configurations with each having 18 layers. Various liners
were considered on the designs studied. Figure 4 represents the resulting plot depicting
plies in ANSYS ACP for the composite riser’s FEM. The load cases were used to obtain
stress values for every composite layer across various thicknesses as part of the local design
technique. Specific initial values for the composite riser layers were estimated and used
in the numerical method by first guessing the behaviour. The next step was ensuring the
carryout of the analysis for the different load cases. Figure 8 represents the fibre direction
and orientation for the composite riser at 90◦. The green arrows represent the fibre direction
while the purple arrows represent the orientation. The values of the layers along the axial,
angled, and hoop paths had increased and decreased magnitudes based on the values,
orientation, and condition used in the design.

3.8. Mesh and Convergence

The mesh convergence study on the 3D CPR model was implemented using two
methods as presented in this section. The mesh model for the CPR is shown in Figure 4.
A convergence investigation was conducted using the mesh of the CPR. The goal of the
investigation includes mesh convergence. Establishing the strength-wise behaviour of the
composite riser requires the convergence study. This was calculated using the highest value
of the aggregate deformation. Figure 9a,b depicts the convergence study using different
mesh numbers of divisions for obtaining the mesh sizes. The convergence results show that
convergence occurred at maximum total deformation of 2.4599. The divisions were in two
directions: the axial divisions and circumferential divisions. In Figure 9, the convergence
occurred for the mesh case for 50 axial divisions and 65 circumferential divisions. This
method enables the fibres to be formed around the circumferential axis of the composite
riser. It can be observed also from the results that when less nodes and elements are
used, the stress values obtained from the mesh elements are less, as in the case of 30 axial
divisions and 55 circumferential divisions. This is observed to be consistent in the hoop,
angled, and axial layers. When the element and nodes are smallest, more time is consumed
in processing the finite element analysis. However, with the convergence study, the best
mesh size has been determined.
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Figure 9. Convergence study using different mesh numbers of divisions for two different composite
riser models, showing (a) Model 1 having Case 1 (30 axial, 55 circumferential), Case 2 (50 axial,
65 circumferential), and Case 3 (50 axial, 75 circumferential), and (b) Model 2 having Case 1 (50 axial,
65 circumferential), Case 2 (30 axial, 55 circumferential), and Case 3 (50 axial, 75 circumferential).

3.9. Validation

According to DNV [66] and ABS [70], the factor of safety (F.S) approach could be
utilised to evaluate the stress distribution of composite riser layers. The results acquired for
the CPR’s local design from the current research were compared to the research findings
from Wang et al. [45]. The ratioed proportion of permissible (or allowable) strength to the
actual strength is known as the factor of safety (F.S). The output of the numerical analysis
on the composite riser model under the burst load case are presented in Figure 10a. The
results show good agreement and, as also observed, this model had 18 layers represented
as layers 1–18, while the CPR model by Wang et al. [45] had 17 layers, represented as
layers 2–18. In addition, layers 1–4 represent the axial layers for both models, but of
material properties. Thus, the factor of safety values have some variance. This is due to the
difference in the material’s modulus used, the material’s thickness utilised, and the length
of the composite tube. Thus, the behaviour of the reinforcements considering the factor
of safety shows that the method applied in this design is in good agreement with that of
Wang’s model. The safety factor method and stress component magnitudes were used in
validating this study and they were shown to be in good agreement across the off-axis
lamina and the hoop lamina. In addition, layers 1–4 represent the axial layers for both
models, with variance in the factor of safety. However, despite the similarity in the models,
there was some variance observed across the axial lamina. This is due to the difference
in the modulus of the material used, the material’s thickness used, and the composite
tube’s length. In this current research modelling, 5 m composite riser was used, while
Wang et al. [45] employed a 3 m composite riser. Thus, the behaviour of the reinforcements
considering the factor of safety is also a function of the length of the composite riser. The
study shows that the method applied in this design is in good agreement with Wang’s CPR
model [45]. The second method considered was the element sizes in the investigation as
depicted in Figure 10b. The ANSYS model was thus specified utilising the thickness for
the PEEK liner as 6 mm. It was configured as [03,(±52)10,904] laminates having 17 lamina
layers for the hoop, off-axis, and axial layers in the ratio 90◦:52◦:0◦. The fibre-reinforced
bracings had respective thicknesses of 1.6 mm, 1.30 mm, and 1.40 mm. The same laminate
materials were employed in this scenario, but the ANSYS model’s liner assumed PEEK
polymer characteristics. Figure 10b contrasts the findings of both analyses in the burst
instance, illustrating the validity of the FE model applied in this research. The hoop, off-
axis, and axial laminae all had analogous tensile stresses along the fibre direction, with an
average difference of 2.096% across all layers. In Figure 10b, the maximum tensile stress
distributions for the burst instance are compared during the CPR’s local analysis, and the
element size of 30 mm is used versus a 5 mm element size. There were 158,316 nodes
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and 158,000 elements generated. The stress values at the top and bottom of each ply were
obtained for both mesh sizes. From the results of the stresses obtained, no considerable
variation was seen. For the 5 mm mesh size, the stress in the hoop plies (14–18) was almost
20.0 MPa less. Since improving the mesh very slightly improves the validity of the findings,
this verifies that the 30 mm element size findings were adequately convergent.

  
(a) (b) 

Figure 10. Validation of the model using (a) current ANSYS ACP model compared against Wang’s
ANSYS APDL model and (b) burst instance stress profiles of the original mesh (30 mm) and the
improved mesh compared to convergence study (5 mm).

4. Results

The results are presented using bar charts depicting the maximal stresses across each
lamina (ply). Starting with the deepest inner lamina encircling the liner and culminating at
the uttermost outer lamina of the laminate, the layers are numbered along the horizontal
plane. The maximal interlaminar stresses are investigated using pressures located along the
outermost (top), innermost (bottom), and centre (midpoint). This was recorded across the
whole CPR plies; they are known respectively as top, bot, and mid. The maximal stresses
can be calculated using the highest stress in the middle of each lamina.

4.1. Studies on the Design Models
4.1.1. Result of Conventional Design

The analytical method was computed by utilising the exact elastic solution that con-
siders 3D anisotropic elasticity by Xia M. et al. [61] and the analytical CPR model by Wang
C. [112]. It was studied via a comparative investigation by utilising the FEM computed
via ANSYS ACP and ANSYS Structural modules. The geometry and orientation of the
composite layers under conventional design were configured as [90/(0/90)4], as tabulated
in Table 6. The stresses were obtained based on the simulation using the 3 m geometry of
the composite riser. From the finite element analysis (FEA), stresses were obtained along
the various layers, as presented in Figure 11a,b. In Figure 11c,d, the safety factors for
the same configuration are taken from different rosette orientation to show the difference
along each component from FEA. It can be observed that this FEM presents relatively more
stress values in comparison to the analytical method. The burst case was conducted by
considering an internal pressure of 155.25 MPa for this conventional design. From this
investigation, the PEEK liner was recorded to have a stress value of 98.90 MPa from the
analytical method and 99.70 MPa from the finite element method. Thus, both methods pre-
sented a variance of 0.79%. However, the deviations along the fibre path and the transverse
path were respectively >5% and >2% on these stress distributions across the 21 layers of
the CPR model.
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Table 6. Geometry and orientation of the [90/(0/90)4] composite plies for conventional design.

Ply/Layer Name of Layer
Inclination

Angle/Orientation (◦◦◦)
Thickness

(mm)

00 The Liner 2.00

1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21 Hoop Layers 90 1.62

2, 4, 6, 8, 10, 12, 14, 16, 18, 20 Axial Layers 0 1.58

 

 

Figure 11. Result of composite riser model’s conventional design for AS4/PEEK utilising PEEK liner
under burst case showing the axial and hoop reinforcements along (a,c) fibre and (b,d) transverse
directions for finite element method vs. analytical method.

4.1.2. Result of Tailored Local Design

A comparison between the analytical method (AM) using the analytical CPR model
by Wang C. [112] versus the finite element method (FEM) in this study was performed.
It was investigated by utilising the tailored local design based on the [04,(±53.5)5,904]
configuration as presented in Figure 12a–c. In Figure 12d–f, the safety factors for the same
configuration with 17 laminas were taken from different rosette orientations, to show the
difference along with each component from the FEA. It can be observed that the FEM shows
relatively more stress values in comparison to the analytical method. For the local design,
the stack-up sequence and fibre thicknesses in Table 7 to obtain the results are presented in
Figure 12. The burst case was conducted by considering an internal pressure of 155.25 MPa
for this conventional design. From this investigation, the PEEK liner was recorded with a
stress value of 115.80 MPa from the analytical method and 115.70 MPa from the FEM. Thus,
both methods presented a variance of 0.79%. However, the deviations along the fibre path,
the transverse path, and the in-plane shear path were respectively >1.5%, >7.5%, and >0.5%
along the stress distributions across the 21 laminas of the CPR model.
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Figure 12. Result of composite riser model’s local design for AS4/PEEK utilising PEEK liner under
burst case showing the axial, angled, and hoop reinforcements along (a,d) fibre, (b,e) transverse, and
(c,f) in-plane shear directions for finite element method vs. analytical method.
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Table 7. Lay-up/ply inclination angle for local design for the [04,(±53.5)5,904] and [903,(±53.5)5,05]
configurations.

Design Configuration [04, (±±±53.5)5,904] [903,(±±±53.5)5,05]

Ply/Layer Name of Layer
Inclination

Angle/Orientation (◦◦◦)
Thickness (mm)

Inclination
Angle/Orientation (◦◦◦)

Thickness (mm)

00 The Liner 0.0 2.00 0.0 9.00

01

Axial Layers

0.0 1.58 0.0 1.84

02 0.0 1.58 0.0 1.84

03 0.0 1.58 0.0 1.84

04 0.0 1.58 0.0 1.84

05

Angled Layers (or
Off-axis Layers)

53.5 1.88 53.5 1.48

06 −53.5 1.88 −53.5 1.48

07 53.5 1.88 53.5 1.48

08 −53.5 1.88 −53.5 1.48

09 53.5 1.88 53.5 1.48

10 −53.5 1.88 −53.5 1.48

11 53.5 1.88 53.5 1.48

12 −53.5 1.88 −53.5 1.48

13 53.5 1.88 53.5 1.48

14 −53.5 1.88 −53.5 1.48

15

Hoop Layers

90.0 1.62 90.0 1.60

16 90.0 1.62 90.0 1.60

17 90.0 1.62 90.0 1.60

18 90.0 1.62 90.0 1.60

4.2. Result of Load Cases
4.2.1. Result of Burst Case

This subsection presents the findings from the preliminary CPR design, which was the
development’s first model. Figure 13a,b shows a preliminary design with 18 laminae (plies)
and a comparatively thick 2 mm titanium liner but greater layer thicknesses. Figure 13a
shows the maximal stressed profiles along the fibre path. This was conducted using the
same titanium liner on the CPR structure subjected to burst loads. Tensile stresses were
found in the laminae as a result of the internal pressure causing significant tension in the
riser. The highest maximal stress along the fibre path was 1480.8 MPa, recorded from hoop’s
ply 14 across the bottom section, whereas the least maximal stress was 1125.9 MPa, recorded
from hoop’s ply 3 across the top portion. However, across the axial plies, there were high
stresses of 2597 MPa which have more weight. Thus, there is a need for weight reduction, or
to optimise the model by minimising the weight as presented in Section 4.3. Along the fibre
path, the maximal tensile permissible stress was 1648 MPa for AS4/PEEK unidirectional
composites. This maximum stress value was much below that, as along axial’s layers 1–4,
there were relatively minor tensile stresses. Figure 13b depicts the maximal stressed profiles
along the transverse path. This was also conducted using the same burst load on the
laminae. Along the transverse path, the minimal stress recorded was 74.89 MPa, recorded
from axial’s plies 1–4 located across the top portion, whereas the maximal stress recorded
across the hoop’s plies 15–18 were 193.84 MPa, located across the bottom portion. From
Figure 13a,b, the axial layers had the maximum stress at 1017.7 MPa along the fibre path
and 517.7 MPa along the transverse path. 60 MPa was the value of the external pressure
introduced to the collapse instance. The results show similar behaviour for the fibre and
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transverse paths (or directions). However, the stress values in the fibre direction were
higher than the stress values along the transverse direction. It was also observed that the
axial layers had the highest stress values, but the stresses decreased when it reached the
angled layers. This is due to debonding between the different materials and the orientation
angle. As shown in Table 8, the liner’s corresponding stress was 550.0 MPa, which is about
62% of the yield strength. This titanium liner yielded a maximal deformation of 3.37 mm.
Since this liner’s thickness is fairly considerable, it was lowered in subsequent updates
to minimise weight. From this investigation, there is the need to minimise the structural
weight of the CPR based on the preliminary designs while maintaining the integrity of the
CPR structure and without violating acceptable limits of stress.

 

Figure 13. Stress profiles for the top, middle, and bottom lamina along the (a) fibre and (b) transverse
directions under burst case.

Table 8. Riser deformation and liner stress during burst event’s preliminary design.

Particulars Value Unit

Maximum Riser Deformation 3.37 mm

Ultimate Stress of Titanium Alloy 950.00 MPa

Yield Stress of Titanium Alloy 880.00 MPa

Titanium Liner’s Equivalent Stress 550.00 MPa

4.2.2. Result of Collapse Case

From Figure 14, the titanium alloy liner is observed to be important in the reinforce-
ment of the composite body. The axial layers in the fibre direction had the highest stress, up
to 2930 MPa, while the titanium liner’s stress was 1057.7 MPa. The value of the maximum
stress decreased for the angled layers to 1174.8 MPa. The stresses spiked up to 1362.5 MPa
for the hoop layers. As seen in Figure 14, the burst case for the transverse direction had a
different pattern. The highest stress occurred at the titanium liner, up to 239.5 MPa. This
shows that there was a lot of pressure applied, up to 155.25 MPa, and the other layers could
not withstand much of the pressure load, so the liner had to take in a lot of the pressure.
The stress value in the axial layers (layers 2–4) went low to 76.71 MPa. This shows that
at that stage, the liner took in much of the pressure. However, the angle’s layers (layers
5–14) had stresses of up to 145.85 MPa, while the hoop’s layers had pressure effects of up to
193.8 MPa. Figure 6 represents the stress postprocessing of ply 17. Since the fibre-reinforced
bracings perpendicularly align across that of the direction of the load, the highest stresses
occur across the axial plies. The laminate had insignificant tensile stresses profiled across
the fibre path. Additionally, all the maximal stresses that were highest were recorded across
compressed portions of the laminates, thus yielding compressive laminae. The highest

269



J. Compos. Sci. 2022, 6, 103

stresses via the transverse path of each ply, on the other hand, were tensile, while the com-
pressive stresses via the transverse path were of low capacity. The stresses in the transverse
direction were tensile because the laminate was perpendicular to the imparted compressive
force in this direction, resulting in tension. This resulted in low compressive stress along the
fibre path and higher tensile stress via the transverse path. The highest stresses recorded
were via the transverse path of the plies during the collapse instance. Across the transverse
path, it was recorded that the axial’s ply 1 has the highest maximal stress of 54.0 MPa. On
the other hand, the hoop’s ply 14 has the least maximal stress of 28.0 MPa. The laminate’s
maximal tensile long-term strength was 62.4 MPa, correspondingly about 85.0% that of the
maximal stress. As seen in Figure 14, the collapse case satisfied the design requirement, but
there were some inconsistencies between the top, middle, and bottom layers, which was
due to some design nonlinearities and environmental factors. The comparable stress in the
titanium alloy liner in the collapse instance was 525.0 MPa, about 60% of the yield strength,
as shown in Table 9.

  

Figure 14. Stress profiles for the top, middle, and bottom lamina along the (a) fibre and (b) transverse
directions under collapse case.

Table 9. Riser deformation and liner stress during collapse event’s preliminary design.

Particulars Value Unit

Riser’s Maximum Deformation 1.34 mm

Ultimate Stress of Titanium Alloy 950.00 MPa

Yield Stress of Titanium Alloy 880.00 MPa

Titanium Liner’s Equivalent Stress 525.00 MPa

4.2.3. Result of Tension Case

The calculations for the tension cases were achieved by using the effective weight of the
riser when carrying fluid and the riser’s net weight. The composite riser’s effective weight
can be referred to as a function of the wall thickness of the composite riser being analysed.
It was utilised to compute the tension of the riser. The maximum stress profiles measured
in the laminae’s fibre path under tension are shown in Figure 15a,b. At 4584 kN, the riser
was fully tensioned and exposed. The laminae’s tensile stress profiles were examined for
the composite’s long-term tensile stress. The least peak stress along the fibre path was
59.4 MPa across the hoop plies 1–4 and 55.1 MPa across the angled plies, followed by
254.5 MPa across the axial plies 1–4. The maximum long-term allowable tensile stress in the
fibre direction of the AS4/PEEK unidirectional composite is around 8% greater than this
maximum stress figure of 1648.0 MPa. It is worth noting that the hoop layers, plies 14–18,
exhibited compressive stresses. The majority of the load was carried in pure tension by the
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fibres that were orientated in the force direction; as shown by the profiles in Figure 15, the
axial laminae had the highest tensile stresses. Since the hoop fibres were perpendicularly
aligned to the load, compressive stresses were found along the fibre direction. The average
maximum compressive stress across all hoop plies was 48.2 MPa, which is considerably less
than the AS4/PEEK composite’s maximal long-term compressive strength of 864.0 MPa.
For the tension scenario, Figure 15 illustrates the potential stresses present in the transverse
direction of the laminae. The least maximum stress in the transverse direction was 1 MPa
in axial ply 1 and the largest maximum stress was 12 MPa in hoop ply 14. This maximum
stress value is 80% less than the unidirectional AS4/PEEK laminate’s maximum long-term
allowable tensile strength of 62 MPa. The highest tensile stress in plies 4–17 is greater
than the maximum stresses in the mid and top sections of each lamina, which could be an
exception. In comparison to the collapse instance, there were no considerable compressive
stresses across the transverse path. From the results presented in Figure 15a,b, the axial
lamina along the fibre path for the tension instance had the maximum stresses of 252.6 MPa.
Based on the angled lamina and hoop lamina, the stresses had a maximum value of
61.74 MPa, and they were fairly uniform. However, different behaviour is observed in
the transverse direction for the tension instance, as recorded in Figure 15. The highest
stress values recorded across the axial, angled, and hoop lamina were 3.74 MPa, 11.36 MPa,
and 15.15 MPa, respectively. The comparable stress in the titanium alloy liner in the pure
tension scenario was 162 MPa, or about 20% of the yield strength, as shown in Table 10.
This demonstrates titanium alloy’s exceptional tensile behaviour in pure tension.

Figure 15. Stress profiles for the top, middle, and bottom lamina along the (a) fibre and (b) transverse
directions under tension case.

Table 10. Riser deformation and liner stress during tension event’s preliminary design.

Particulars Value Unit

Riser’s Maximum Deformation 7.78 mm

Ultimate Stress of Titanium Alloy 950.00 MPa

Yield Stress of Titanium Alloy 880.00 MPa

Titanium Liner’s Equivalent Stress 162.00 MPa

4.2.4. Result of Tension cum External Pressure Case

The highest stresses present along the fibre direction of the laminae for the tension
cum external pressure condition are shown in Figure 16a,b. The riser was subjected to a
maximum tensile load of 2037.0 kN and an external pressure of 19.5 MPa. The composite’s
long-term strength values were then compared to the maximum stress in each ply. Tensile
stresses existed in axial laminae 1–4, but compressive stresses existed in off-axis laminae

271



J. Compos. Sci. 2022, 6, 103

4–13 and hoop laminae 14–18. The rationale here is due to two factors: when the CPR is
tensioned, the axial fibres are tensile and the hoop fibres are in compression, as previously
stated. Furthermore, an external pressure load compresses both the hoop and off-axis
laminae. Due to the 88◦ hoop fibre reinforcements, these fibres contribute to the CPR’s
collapse and burst capacity, with the hoop laminae offering the best collapse resistance. The
stress distribution illustrated in Figure 16 clearly demonstrates this behaviour; the axial
and hoop laminae had the highest tensile and compressive stresses, in respective order. The
hoop laminae provided the best collapse resistance due to the 88◦ hoop fibre reinforcing.
Off-axis ply 7 had the lowest maximum fibre direction compressive stress of 72 MPa,
followed by hoop ply 14 with 278 MPa. The highest stress value was around 30% higher
than the maximum long-term compressive stress value that can be tolerated at 864.0 MPa.
The highest tensile stress along the fibre direction was 300.0 MPa on average, which is about
20% of the maximum long-term tensile strength of 1648.0 MPa. For the tension condition,
Figure 16a,b depicts the maximum stresses in the plies’ transverse direction. There were
no substantial tensile stress distributions throughout the laminate, and the majority of the
stresses across the transverse path were compressive. The least maximum stress in the
transverse path was 5.90 MPa in angled ply 5 down to 1.50 MPa at angled ply 14, while
the largest maximum stress was 12.77 MPa in hoop ply 17. This maximum stress is around
75% less than the maximum long-term permitted compressive stress of 156.80 MPa via
the transverse path of unidirectional AS4/PEEK laminate. From the results presented in
Figure 16a,b, the axial layers across the fibre path for the tension instance had the maximum
stresses of 374.1 MPa. For the angled layer, the stresses had a maximum value of 87.2 MPa,
and the minimum value was fairly uniform. However, a different behaviour was observed
in the transverse direction for the tension instance. The highest stress values for the axial,
angled, and hoop lamina were 3.74 MPa, 11.36 MPa, and 15.15 MPa, respectively. The
comparable stress in the titanium alloy liner in the tension and external pressure situation
was 253 MPa, which is about 30% of the yield strength, as shown in Table 11.

  

Figure 16. Stress profiles for the top, middle, and bottom lamina along the (a) fibre and (b) transverse
directions under tension and external pressure case.

Table 11. Riser deformation and liner stress during tension cum external pressure event’s preliminary
design.

Particulars Value Unit

Riser’s Maximum Deformation 11.80 mm

Ultimate Stress of Titanium Alloy 950.00 MPa

Yield Stress of Titanium Alloy 880.00 MPa

Titanium Liner’s Equivalent Stress 253.00 MPa
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4.3. Result of Minimum Weight Study
4.3.1. Effect of Weight per Unit Area

Figure 17 represents the distribution of the thickness of layers and the weight per unit
area for 12 different composite riser configurations. This study was investigated using the
same liner material—titanium liner—on AS4/PEEK material. From this study, it can be
observed that different configurations have different weight per unit areas and thicknesses,
which also has an implication on the structural strength of the composite riser. As observed
in Figure 17 and Table 12, the best configuration based on this analysis was DesignCase7,
as it had the least weight per unit area and would be the lightest with a weight/area value
of 6.60 × 10−8 kg/mm2. However, more investigation is suggested on the detailed weight
savings of the riser models from the local design against the conventional design.

 

Figure 17. Effect of weight per unit area for 12 different composite riser configurations.

Table 12. Considerations for effect of weight per unit area for 12 design cases.

Design Case Liner Material Fibre Matrix Lay-Up
Lamina Thickness (mm)

0◦◦◦ ±±±53.5◦◦◦ 90◦◦◦

Case 1 Titanium AS4 PEEK [05,(±53.5)5,905] 2.49 1.7 0.6

Case 2 Titanium AS4 PEEK [903,(±53.5)5,05] 2.49 1.7 1.84

Case 3 Titanium AS4 PEEK [903,(±53.5)5,05] 2.49 1.7 3.25

Case 4 Titanium AS4 PEEK [05,(±53.5)5,905] 2.49 1.7 1.7

Case 5 Titanium AS4 PEEK [905,(±53.5)5,05] 2.49 1.7 1.84

Case 6 Titanium AS4 PEEK [(±53.5)5,05,905] 1.15 1.7 1.84

Case 7 Titanium AS4 PEEK [06,(±53.5)5,904] 2.49 1.7 0.6

Case 8 Titanium AS4 PEEK [905,(±53.5)5,05] 2.49 1.7 0.6

Case 9 Titanium AS4 PEEK [905,(±53.5)5,05] 1.15 1.7 1.84

Case 10 Titanium AS4 PEEK [(±53.5)5,905,05] 1.15 1.7 1.84

Case 11 Titanium AS4 PEEK [(±53.5)5,905,05] 1.15 1.7 3.25

Case 12 Titanium AS4 PEEK [06,(±53.5)5,904] 2.49 1.7 1.7
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4.3.2. Effect of Matrix Cracking

The failure order of the liner, fibre, or matrix is numerically predictable; however, it is
dependent on the composite material, composition of the lay-up, and matrix cracking [87,88].
Thus, there is a need to investigate further on the failure pattern by utilising matrix cracking.
Matrix cracking could be taken as a time-dependent phenomenon that can ensue prior
to failure or post failure of the liner. In most cases, it begins to propagate from the hoop
lamina when the resultant forces perpendicularly act along the fibre path. The axial lamina
(or layers) support the displaced load as a result of this damage. According to the research,
matrix cracking can cause a 10% drop in laminate stiffness [29,32,108]. As a result of the
unpredictability as it is uncertain, the local analysis used lower long-term strength and
stiffness parameters to account for matrix cracking with fatigue, wear, and service failure
over time. The influence of matrix cracking on the CPR model was comparatively studied.
This considered the structural weight using PEEK liners on AS4/PEEK and AS4/Epoxy
designed with matrix cracking and without matrix cracking permissions, as presented in
Figure 18. Matrix cracking study is important to avoid any failure due to liner leakages,
according to specifications in design standards. As such, matrix cracking can be considered
as the failure mode that is most critical for composite riser designs. As such, the design
considered in this research does not permit matrix cracking. The comparison between the
conventional design versus the tailored local design shows that both designs give some
weight gains when there are permissions for matrix cracking. It can also be observed that
when there was no matrix cracking, lower weight profiles were generated. In the design
application of AS4/PEEK configured utilising PEEK liner, the ratio of percentage weight
savings for the conventional to the tailored local design was 68.5%:83.5% without matrix
cracking. However, permitting matrix cracking offered some weight savings of about
5.88%:8.33% for the tailored designs for AS4/PEEK and AS4/Epoxy respectively. Thus, the
study satisfied this design requirement.

 

Figure 18. Comparative study on structural weight using PEEK liners on AS4/PEEK and AS4/Epoxy
designed with matrix cracking and without matrix cracking permissions.

4.3.3. Result of Structural Weight

The investigation on the structural weight of the layers for the composite riser was
conducted using P75/PEEK and AS4/PEEK for six different liners as presented in Figure 19.
It can be observed that the optimization of the structural weight with the tailored local
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design proved to be effective as it presented lower structural weight for the two fibre rein-
forcements investigated. It can be also observed that the P75/PEEK had higher structural
weight than the AS4/PEEK because it had higher strength modulus. Based on the liners,
it was observed that the combination with thermoplastic liners such as PA12 liners was
comparatively less than the combination with the metallic liners. It was recorded that the
AS4/PEEK with PEEK liner had a normalised weight saving ratio of the conventional and
tailored designs of 0.30:0.24. In addition, the structural weight savings for the composite
riser configured using the metallic liners—aluminium, titanium, and steel—are respectively
25%:23%:23% for the tailored design versus the conventional design. On the other hand,
the structural weight savings for the thermoplastic liners—PA12, PEEK, and PVDF—are
respectively 23%:20%:20% for the tailored design versus the conventional design.

 

Figure 19. Comparative study at optimized angled plies for normalized structural weight.

4.3.4. Result of Aggregate Thickness

The investigation on the aggregate thickness of the layers of the composite riser
was conducted using P75/PEEK and AS4/PEEK for six different liners as presented in
Figure 20. It can be observed that the optimization of the aggregate thickness with the
tailored local design proved to be effective as it presented lower normalized values for
the two fibre reinforcements investigated. It can be also observed that the P75/PEEK
had higher magnitudes than the AS4/PEEK because it had higher strength modulus. In
addition, composite risers had higher thickness than the steel model, as increasing the
thickness reflected to be relative to the type of liner combination and the reinforcement
matrix. The worst thickness was reflected by the P75/PEEK model, as the thickness is over
four times (4×) higher than that of AS4/PEEK model, as well as that of steel riser model.
Thus, it will be the least desirable material combination to be considered. Based on the
liners, it was recorded that the AS4/PEEK with PEEK liner had the best performance in
normalised aggregate thickness and it is the recommended configuration.
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Figure 20. Comparative study at optimized angled plies for normalized aggregate thickness.

4.3.5. Result of Stack-Up Sequence

The influence of the stack-up sequence on the composite riser was conducted as
presented in Figure 21. It was conducted comparing composite riser models at optimized
angled plies considering the normalized structural weights and the aggregate thickness.
Four locations for the angled plies were considered in the investigation: “inner&outer”,
“outer”, “middle”, and “inner” locations. The combination of “inner&outer” location is the
axial fibre in the inner layer with the hoop fibre in the outer layer. In this study, the most
efficient angle was obtained as ±53.5◦ as in the [(0)4,(±53.5)5,(90)4] model configuration
and was considered in the design. From this investigation, it can be observed that the
combination using “inner&outer” location had the least normalized values for both the
aggregate thickness and the structural weight.

 

Figure 21. Comparative study at optimized angled plies for normalized structural weights and
thickness.
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4.3.6. Result of CPR Weight Reduction

An investigation of the CPR weight reduction in steel riser against composite riser
was conducted as presented herein. The minimum structural weights of the steel riser
joints used in TTR production riser strings are listed in Table 13. The weights of the initial
and final CPR designs are compared to the weight limit of a TTR of an X80 steel riser in
Table 14. This global design for the Truss SPAR used was detailed in earlier studies [25,30].
These results are close to the 50%–70% savings from weight reduction reported in the
literature for composite risers. In challenging conditions such as the Gulf of Mexico (GOM),
the North Sea (NS), or Offshore West Africa (OWA), which are the loading conditions for
which this CPR is intended, thicker steel risers are normally employed. As a result, the
indicated weight savings are the absolute least that this CPR design can provide. Lastly,
a comparative study of the structural weight of three design configurations presented
in Figure 22 shows that the tailored local design also proffered more weight savings for
composite risers. Between the three configurations, the AS4/Epoxy with titanium liner had
the highest weight, followed by the AS4/Epoxy configured utilising aluminium liner, and
the least was the AS4/PEEK configured utilising PEEK liner. Thus, the least configuration
is the best design as shown.

Table 13. Comparison of deep water TTR steel riser under 2000 m water depth against its structural
weight.

Depth (m) Thickness (mm) Weight (kg/m)

0–1000 155 23

1000–1600 162 24

1600–2000 170 25

~2000 (approx. range) 160

Table 14. Comparison of weights between a typical TTR steel riser and composite riser.

Design Configuration
OD, Outer
Diameter

OD Increase Riser Weight
Weight
Saving

Steel TTR [90/(0/90)4] 273–275 - 160 -

Preliminary [54,(±54.7)10,884] 314.6 13% 73 54%

Second [04,(±53.5)5,904] 315.2 13.5% 70 57%

Final [33,(±62)10,885] 316.6 14% 54 66%

 

Figure 22. Comparative study of different designs using structural weights on design configurations.
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5. Concluding Remarks

The 18-layered composite production riser (CPR) was designed specifically for deep
water conditions. The tailored design of the composite riser was conducted for deep water
environments. This research presents different CPR configurations designed to minimise
the structural weight. To achieve this, the material attributes listed in Section 3.2 were
utilised. The CPR is comprised of a liner and a multilayered body. Three lamina designs
were numerically studied using ANSYS Composites ACP R1 2021, consisting of 17, 18,
and 21 layers. In this research, a variety of liners, including titanium and aluminium
alloys, were investigated. The stresses on the CPR lamina in both the fibre and transverse
directions were calculated utilising four distinct loadings. The stress profiles were found
to be affected differently depending on the design orientation. The results for all stress
profiles in the fibre and transverse orientations for the CPR model were also provided. The
results were validated and show good agreement. In the current model, two models of 3 m
and 5 m composite riser were considered.

The model highlights include the following: Firstly, composite materials applied in
the local analysis of composite marine risers are useful in prototype production. Secondly,
the local design of composite risers using different materials minimises structural weight
was presented. Thirdly, there is novelty in the analysis of composite riser assessment
to minimise the weight, useful in the global design. Fourthly, the comparative study of
composite riser designs is presented with detailed mechanical characterization for deep
water application. Lastly, the study uses indicators such as safety factors to investigate the
stress magnitudes and make recommendations for standards development on composite
risers.

From this model, it is observed that there is an influence of metal cracking and metal–
composite interface on the lamina, between the hoop plies, off-axis plies, and axial plies.
Moreover, the results show that the stresses along the fibre directions are higher than the
stresses in the hoop layers. Overall, the technique for this design revealed the composite
risers’ stress profiles for various load scenarios, guiding offshore designers on composite
risers. The angled layers were more affected by tension and external pressure loading, as
shown in Section 4.2. The loads operating on the riser lamina (or plies) led to the behaviours
along the direction of the applied forces. In addition, the design revealed that throughout
the burst instance, the liner withstood considerable pressure. This means that the inner
liners do not need to be reinforced any further. For the first load instance (burst), the results
showed high stress magnitudes and safety factor values along the fibre direction acting
upon the axial plies. The implication is that the CPR will be extremely strong and able to
tolerate harsh weather conditions. It is noteworthy that the stress profiles of the inner axial
lamina, alternated angled lamina, and outer hoop lamina show substantial variation in all
of the results.

However, more research into the global design of the CPR under various ocean
conditions is recommended. This is desirable to explain the possible cause leading to
particular observations. Finally, the analysis indicates that adapting the design of the
CPR to appropriate fibre reinforcement angles and liner combinations can save enough
weight. This study shows sufficient weight savings on the CPR design by tailoring the
designs to achieve suitable fibre reinforcements, fibre orientation angles, unique lay-up
sequences and liner combinations. Further study is recommended on cost with factors
for the cost model for CPRs, as the cost model and manufacturing may be considered in
the future. In addition, data-driven optimization methods for composite shells should
be supplemented with proper-orthogonal-decomposition-based buckling analysis and
optimization of hybrid fiber composite risers [120–122]. These could include a multi-
fidelity competitive sampling method for surrogate-based stacking sequence optimization
of composite shells with multiple cut-outs, as well as other techniques. Lastly, further
work on the composite riser should include robust global design [42–46], fatigue analysis
of the composite riser [93,123–126], and the structural integrity/reliability of the composite
riser [94,127].
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Abstract: This paper explores the performance of low-cost unidirectional carbon fibre towpregs
with respect to line production speed and fibre volume fraction. Using an automated production
line, towpregs were produced at different production speeds, resulting in modified fibre volume
fractions. The towpregs were used to manufacture unidirectional composite plates, which were
then tested to evaluate mechanical performance. The fibre straightness and interfacial void ratio of
the composite plates were determined by statistical analysis of the samples’ optical micrographs.
The results demonstrate that adjusting the line production speed enables targeted fibre volume
fractions (FVF) to be reached, resulting in the composites having different mechanical performances
(2039 MPa and 2186.7 MPa tensile strength, 1.26 and 1.21 GPa flexural strength for 59.8% and
64.4% FVF, respectively). It was shown that at lower production speeds and FVF, composites exhibit
good consolidation and low porosity, which is highlighted by the better interlaminar shear strength
performances (8.95% increase), indicating the limitations of manufacturing very high FVF composites.
Furthermore, it was concluded that fibre straightness plays a key role in mechanical performance,
as samples with a lesser degree of fibre straightness showed a divergence from theoretical tensile
properties.

Keywords: fibre volume fraction; towpreg; advanced composite manufacturing; powder epoxy

1. Introduction

Out-of-autoclave (OOA) towpreg epoxy composites are ideal candidates to provide
adequate strength and stiffness for large composite structures, such as tidal/wind turbine
blades and marine or automotive applications, while being cost-effective due to the scal-
ability and compatibility with inexpensive mould heating systems [1]. In recent years,
the need for low-cost, high-performance OOA prepreg composites has led to an interest
in powder-epoxy systems, which are solid at room temperature, melt between 40 and
60 ◦C, and cure at 180 ◦C. It has been demonstrated that powder–epoxy systems can be
used to produce vacuum-bag-only (VBO) prepregs, and that they exhibit comparable me-
chanical performance to conventional epoxy composites [2,3]. Furthermore, low viscosity
and low curing exotherms of powder–epoxies make them attractive for thick section com-
posites [2–4]. Owing to their low viscosity, a complete epoxy wet-out within the mould
is possible with powder–epoxy systems under vacuum only, which results in superior
strength and fracture toughness due to the strong interfacial bonding between the matrix
and the fibres [5]. Furthermore, the powder can be stored at room temperature thanks to its
thermal stability, and little to no volatile organic compounds (VOC) are released during the
production [6].

In this context, a novel powder–epoxy-based pilot towpregging line has been devel-
oped [7] to manufacture unidirectional carbon fibre towpregs (or tapes) that are compatible
with advanced composite manufacturing methods such as Automated Fibre Placement
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(AFP), pultrusion, or filament winding. The main goal of this system is to allow for low-
cost, high-quality, and high-speed manufacturing of unidirectional carbon fibre-reinforced
polymer (UD-CFRP) towpregs. Automation of the reported system [7] is in progress, which
entails better process control and higher production speeds, therefore lowering the cost
of the overall composite production. On one hand, higher manufacturing speeds increase
the fibre volume fraction (FVF) of the composite and alter the mechanical properties re-
markably. Fibres display better mechanical properties than resin; thus, a higher FVF allows
for higher strength and stiffness due to a higher fibre-to-resin ratio. On the other hand,
too high FVF results in a lack of wetting for individual fibres, macroscopically leading to
early interfacial failure due to poor fibre–matrix interface bonding and energy transfer
ability [8]. As such, it was deduced that the optimal FVF for UD-CFRP plates in terms of
the ultimate tensile strength (UTS) is 56–60%, as UTS decreases for higher FVFs due to
the lack of completely wet-out fibres [9]. Since there is no additional compaction pressure
as in the autoclave process, reaching the desired FVF values with OOA systems is not an
easy task. Courter et al. [10] demonstrated that significantly higher FVF values could be
obtained by autoclave curing when compared to oven curing for the same type of prepreg
materials. Still, up to 60% FVF can be achieved with VBO prepregs [11]; however, the
out-life of the prepregs plays a key role in the composite production phase, and a few
weeks of out-life substantially decreases the processibility of the prepregs [12] due to partial
curing increasing the minimal pre-gel viscosity, therefore reducing the wetting ability.

The powder–epoxy system used in this study is solid and stable at ambient tempera-
ture and will not start to cure before 145 ◦C, due to its heat-activated curing mechanism [7].
Therefore, it has excellent storage performance at room temperature; moreover, a consistent
FVF can be obtained by carefully adjusting the towpreg line process parameters such as
speed, tension, or temperature. Most of the standard VBO prepreg resins are highly reactive
and cannot maintain low viscosities for a long time [11], whereas powder–epoxy viscosity
remains very low at lower temperatures [4], and complete wet-out of the fibre bed can be
achieved with vacuum only—without the need for additional compaction pressure. Con-
trolling the FVF while maintaining a high production speed in the towpregging line would
allow the manufacture of high-performance composites, such as wind or tidal turbines, at a
low cost. In this study, a consistent towpreg FVF was maintained for a certain production
speed in a powder–epoxy based towpregging line. Two production speeds, 3 and 5 m/min,
were used to produce towpreg to investigate the FVF/production speed relationship and
its influence on the overall mechanical performances, while all other processing parameters,
such as tension and temperature, were kept constant and monitored.

2. Experimental Section

2.1. Materials

Powder epoxy (PE6405, 1220 kg/m3) supplied by FreiLacke and designed by Swiss
CMT AG was used to manufacture the towpreg and then the CFRP plates. One of the main
advantages of the powder–epoxy is that it starts to melt at 40–60 ◦C, reaches the minimum
viscosity at 120 ◦C, but does not cure until 145 ◦C [4]. This feature provides versatility in
the production phase by allowing the potential of separating the impregnation and curing
of the composite parts. In addition, it is possible to co-cure different composite parts using
powder–epoxy [13] instead of using adhesives [7]. Finally, as the powder epoxy is solid and
stable at room temperature, storage costs are substantially lower than standard prepreg
systems.

For the carbon fibre tows, commercially available Toray T700S-24K-50C (1% sizing
agent) was used, as it showed the best performances comparatively to other fibre sys-
tems [14].

2.2. Towpreg Production

The powder–epoxy towpregging pilot line was originally developed by Robert et al. [7].
Since then, a second more instrumented tapeline has been developed in the framework of a
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CIMComp Hub fellowship project to automate the production process. New sensors were
added, including OS-PC30-2M-1V infrared temperature sensors (OMEGA Engineering), an
SFD 500T tension sensor (Hans Schmidt & Co GmbH, Waldkraiburg, Germany), and a P500
rotary sensor (Positek, Cheltenham, UK). Control hardware included a B35-HM magnetic
particle brake (Placid Industries Inc., Elmira, NY, USA) and EM-175 DC motor controllers.
Automated temperature and tension control was achieved using software-side PIDs on
LabVIEW (National Instruments Corp., Austin, TX, USA). The towpreg production in the
line can be summarised in the following steps, as shown in Figure 1:

 

Figure 1. Diagram of the tapeline system.

• Carbon fibre tows are unwound from the reel, and the tension is maintained by a
magnetic brake that automatically adjusts the tension based on the data from the
tension sensor.

• Powder–epoxy is electrostatically charged and sprayed on the carbon fibre tow as it
moves.

• An electrical current is supplied via a power controller between two conductive metal
rollers to initiate powder melt by the Joule effect [15]. The temperature can be adjusted
according to data from an infrared sensor.

• Cooled towpreg is collected on a drum after it passes through a series of rollers.

Automation of the pilot towpregging line is necessary for increasing the productivity
and accuracy of the production while lowering costs. Additionally, the towpreg quality
can be maintained for high production volumes as the entire system is being monitored
with the data obtained from the sensors. In order to control and monitor the system, a
human–machine interface (HMI) has been created using LabVIEW software, which allows
the user to observe and record key process parameters, such as tension, temperature, or
speed. All the parameters can be controlled either manually or by PID controllers via the
HMI.

Reliability and consistency were the goals for towpreg production, which are easier to
achieve at slower production speeds. Therefore, the towpreg was produced at two different
speeds, 3 and 5 m/min, while keeping all other parameters constant (temperature, tension,
etc.). The produced towpreg was cut into equal-sized so-called “strips” (55 cm length),
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and the FVF of the strip samples (FVFstrip) was calculated for each production run using
Equation (1) [16]:

FVF =
ρm

ρm + ρ f

(
1

FWF − 1
) (1)

where ρm is the matrix density, ρf is the fibre density, and FWF is the fibre weight fraction,
which are determined by a precision scale.

2.3. Composite Plate Production

For further mechanical characterisation tests, unidirectional carbon fibre composite
(UD-CFRP) plates were manufactured from the produced powder epoxy towpreg strips.
Composite plate production consisted of the following stages, as shown in Figure 2:

Figure 2. Different stages of the UD composite plate production.

Stage 1: Towpreg was produced with the tapeline system at different production
speeds; then, it was cut into strips.

Stage 2: Towpreg strips were aligned by custom tensioning equipment [14]. Then, the
tensioned preform was vacuum-bagged and cured to manufacture unidirectional composite
plates, with 5 layers of towpreg strips being used to produce 1 mm thick composite plates.
The thermal cycle for curing consisted of a drying stage dwell at 35 ◦C for 5 h, which was
followed by an isothermal dwell at 120 ◦C for 2 h for the sintering and melting stage and
another isothermal dwell at 180 ◦C for 2 h to complete curing. One hour ramping time was
used between all dwells.

Stage 3: To prepare samples for mechanical characterisation, UD-CFRP composite
plates were cut using a wet saw to ensure smooth edges. Then, mechanical tests were
carried out for performance characterisation.

After the production of cured plates and extraction of samples, UD-CFRP samples
were weighed again, and the FVF of the composite plates (FVFplate) was calculated using
Equation (1). Peel ply was used as a separation layer between the preform and tensioning
equipment (Figure 3a). The excess resin was absorbed by the peel ply during the curing
stage (Figure 3c), which resulted in an FVF increase compared to the initial FVF value
(FVFstrip). Table 1 summarises the FVF of the towpreg samples and composite plates at
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different process parameters including speed, tension, temperature, and electrostatic spray
gun settings. As can be seen from the table, both the FVFstrip and FVFplate increase with
increasing production speed, since the duration that the carbon fibre tows spend within the
electrostatic spraying chamber becomes shorter for higher speeds, resulting in less powder
deposited in the towpreg. For the electrostatic powder deposition, the electrostatic gun
capacity was set to 40% for all experiment sets.

 

Figure 3. (a) Towpregs in the tensioning equipment (enclosed within the mould and not visible) and
peel ply (orange). (b) Vacuum bagging of the tensioning equipment. (c) Cured composite plate and
visible spots from absorbed resin by the peel ply (sample set 2 case).

Table 1. FVF of the towpreg strips and composite plates at different processing parameters.

Line Speed
(m/min)

Line Tension
(N)

Heating
Temperature (◦C)

Gun Flow
Air (%)

Total Flow (Air
+ Powder) (%)

Strip FVF Plate FVF

Sample set 1 3 20 120 99 40 53.1% 56.5%
Sample set 2 5 20 120 99 40 62.5% 64.2%

2.4. Tensile Tests

Tensile tests were carried out on 190 × 15 mm (length and thickness, respectively)
samples according to BS EN ISO 527-5 standard. Glass–epoxy laminates were bonded to
the samples for end tabbing. For each set, 5 samples were tested in the fibre (0◦) direction
using an MTS Criterion model 45 (C45.305) electromechanical universal test system at
a constant crosshead speed of 2 mm/min. A digital image correlation (DIC) module
(Imetrum Advantage video extensometer) was used for the 2D strain measurement of the
samples. The samples were collected after the test to analyse the fracture surfaces via
Scanning Electron Microscopy (SEM).

2.5. Flexural Tests

Flexural performance of the 90 mm × 15 mm samples was characterised by four-point
bending tests according to BS EN ISO 14125. Twelve samples (6 for each speed) were
tested with Instron Model 3369 Dual column Tabletop Test system. The test fixture had an
81 mm outer span and a 27 mm inner span. The DIC module (Imetrum Advantage video
extensometer) captured the deflection, and the crosshead speed was 2 mm/min.

2.6. Interlaminar Shear Strength

The interlaminar shear strength (ILSS) of the UD-CFRPs plates was evaluated accord-
ing to BS EN ISO 14130:1998 on twelve 20 mm × 13 mm sized samples. The same Instron
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test machine was used for ILSS tests with a crosshead speed of 1 mm/min. The load cell
capacity for the system was 50 kN.

2.7. Scanning Electron Microscopy (SEM)

The surface topography of the samples and fracture cross-sections were analysed by
a Hitachi TM4000 Plus Scanning Electron Microscope (SEM) in Back Scattered Electrons
(BSE) mode with an acceleration voltage of 15 kV under vacuum conditions.

2.8. Optical Microscopy

The fibre distribution, FVF, and porosity of the UD-CFRP samples were analysed
by optical microscopy. Before the analysis, the samples were potted using liquid epoxy
resin and non-stick moulds; then, they were polished by a surface grinder. The polishing
procedure included sanding with varying grit sizes (P800, P1200, and P1600) followed
by polishing by diamond-based dispersion (5, 3, and 1 micron). Then, the samples were
analysed by a Zeiss Axioskop 2 MAT model microscope that is connected to a computer
via an AxioCam MRc 5 camera. Fifty images were taken for each sample set, aiming to
eliminate errors from a low sample size. The images were post-processed with ImageJ
software. Firstly, images were converted to black and white to create a better contrast, as
shown in Figure 4; then, the threshold for the pixels was set accordingly to capture fibres,
matrixes, and voids in the sample. Then, the area of each component was calculated by
ImageJ to validate the FVF values calculated with Equation (1). The void fraction and fibre
circularity was also calculated with ImageJ, using the micrographs.

 

Figure 4. (a) Optical microscopy of the UD-CFRP sample cross-section for 59.8% FVF. (b) Resin
(white), fibres (black), and voids (red) identified by ImageJ software filters.

2.9. Interfacial Void Content Analysis

Voids are one of the main manufacturing defects in composites, influencing the me-
chanical properties considerably by acting as failure initiation points [17]. The tensile,
compressive, flexural, and interlaminar shear strength of the composites are adversely
affected by the voids [18]; moreover, fatigue life deteriorates seriously [19]. The spatial
distribution of the voids is a key factor for the performance of the composite. In the
presence of voids at the fibre–matrix interface, adhesion between the fibre and matrix is
weakened, and load transfer is impaired [20]. As it is dominated by the properties of matrix
and matrix–fibre interface [19], interlaminar shear strength is susceptible to the interfacial
voids in particular. For the samples that were produced at different production speeds,
interfacial void content was determined using ImageJ and a custom LabVIEW algorithm.
Using the samples analysed by the Zeiss Axioskop 2 MAT model microscope, ImageJ was
used to find geometric information on the fibres, matrix, and voids. Data for all samples
was exported to a csv file. This included information on the locations of the fibres and
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voids, the maximum diameter of each fibre (using a maximum calliper rule), and the area
of the fibres and voids.

An algorithm was applied to the data from each sample image, which isolated interfa-
cial voids from bulk voids. This was achieved using the following methodology.

• The coordinates of a fibre were compared to the locations of the voids for a sample
using Equation (2). √(

x f − xv

)2
+

(
y f − yv

)2
= d (2)

where:
x f The x-coordinate of the fibre centre point
xv The x-coordinate of the void centre point
y f The y-coordinate of the fibre centre point
yv The y-coordinate of the void centre point
d Distance between the centre points of the fibre and void

• Voids that were outside the fibre radius rf and within a set distance of the outer edge of
the fibre rf+a were recorded using comparator Equation (3), along with their respective
area (Figure 5). These were classified as interfacial voids.

i f d > r f and d < r f+a (3)

where:
r f The radius of the fibre using a maximum calliper

r f + a The radius of the fibre plus a set distance (0.25, 0.5, and 1 μm)

Figure 5. Boundary regions used to search for interfacial voids.

• This process was repeated for every fibre in a sample picture, and the individual areas
were summed to provide a total area of interfacial voids (Equation (4)).

∑ An inter f acial voids = A1 + A2 + . . . + An (4)

• Then, the interfacial void area was compared with the total void area found previously
using optical microscopy to find the percentage of interfacial voids compared to the
total void fraction.

Ainter f acial voids

Avoids
× 100 = % o f inter f acial voids to bulk voids (5)
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• This process was repeated for the other sample pictures, and an average was taken
of the percentage of interfacial voids at the two towpreg line speeds, 3 and 5 m/min.
Figure 6 illustrates the locations of interfacial and bulk voids that were captured by
the algorithm (circles sizes are not representing the void areas).

Figure 6. Bulk and interfacial voids detected by the algorithm.

3. Results and Discussion

3.1. Fibre Volume Fractions: Strip, Plate, and Bulk

Two different production line speeds (3 and 5 m/min) were used in this study. As
expected, FVFstrip for the 3 m/min samples was lower, 53.1%, since the amount of pow-
der supplied decreases with increasing production speed, as the towpreg is coated with
epoxy powder for less time. An FVFstrip value of 62.5% was obtained with the 5 m/min
samples, which indicates that the resin may not have completely saturated the fibres. After
the curing stage, fibre volume fractions increased to 56.5% and 64.2% for 3 m/min and
5 m/min samples, respectively, which were named FVFplate. This increment in FVF, as
mentioned above, was caused by the fact that the peel ply absorbed some fraction of the
resin from the tensioned preform during curing. Then, the calculated values of FVFplate
from Equation (1) were compared with the post-processing of optical microscopy images
using ImageJ software. The FVF values obtained by the optical microscopy images are
presented in Table 2. FVF values calculated by the optical microscopy for the 5 m/min
samples matched very well with FVFplate, which were estimated from Equation (1), whereas
a deviation was observed for 3 m/min samples. Due to the higher resin content of the
3 m/min samples, resin-rich zones were found around sample boundaries (edges). During
the optical microscopy analysis, boundaries of the samples were not considered; thus, an
increment of the FVF was observed for 3 m/min samples, since the resin-rich zones were
excluded. Having less resin content, 5 m/min samples did not exhibit such resin-rich zones;
hence, the FVF value calculated by the optical microscopy did not differ significantly from
the previous FVF values. Then, the FVF values obtained by the optical microscopy were
regarded as the best representation of the bulk composite fibre volume fraction and named
as FVFOptical.
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Table 2. FVF values of the composite plates, estimated by optical microscopy.

Line Speed (m/min) FVFstrip (%) FVFplate (%) FVFOptical (%) Porosity (%)

3 53.1% 56.5% 59.8 ± 4.04 0.62 ± 0.09
5 62.5% 64.2% 64.4 ± 2.20 0.82 ± 0.19

As mentioned before, voids in a composite material are detrimental to its performance;
ILSS has been shown to decrease by 6% per 1% of void (up to 4% void fraction) [21]. Optical
microscopy was used to investigate the porosity of the UD-CFRP composite laminate
samples; in addition, the FVF and fibre distribution were also analysed. Post-processing
was conducted using ImageJ software. When compared with other conventional and
commercial methods [19], the void fraction of the samples is relatively low (<1%), and it
can be inferred that consolidation is excellent in the manufactured plates.

3.2. Interfacial Voids

Results for the percentage of interfacial voids as a fraction of the total voids are
shown below in Figure 7. Regardless of the search criterion (distance outside fibre radius),
generally, a higher interfacial void content was found for samples produced at the higher
speed of 5 m/min. The ratios of interfacial voids were 3.21% and 6.07% at 0.25 μm, 15.9%
and 22.3% at 0.5 μm, 53.01% and 56.29% at 1 μm distance outside fibre radius at 3 m/min
and 5 m/min production speed, respectively. The higher interfacial void ratio at the higher
production speed (i.e., higher FVF) was attributed to the lesser resin content within the
towpreg compared to 3 m/min production speed samples.

Figure 7. Percentage of interfacial voids as a fraction of the total voids.

3.3. Fibre Straightness

Mamalis et al. [14] found that the fibre straightness of unidirectional carbon fibre
tows had a significant impact on the mechanical performance of the composite. Hence,
ImageJ software was used to analyse the degree of fibre straightness in the samples. The
minimum (Di,min) and maximum diameter (Di,max) of each fibre in the optical micrographs
were measured, which were used to calculate the ratio Di,total = Di,min/Di/max. Then, the
following equation [14] can be used to obtain the direction parameter f :

f =
∑n

i=1 Di,total

n
(6)

where n is the number of carbon fibre filaments investigated for each micrograph. The
direction parameter f indicates how far a fibre deviates from a perfect circle and can be used
as a measure of fibre straightness. A total of 75 micrographs were analysed, each containing
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≈2000 visible fibres. The number of fibres analysed (n) was greater than 150,000, therefore
providing strong analytical results. The estimated direction parameter f for each FVF is
shown in Figure 8. For both sample sets, a similar value of f (≈0.91) was obtained, which
was influenced by the tensioning conditions during curing. For similar powder–epoxy
towpreg and the same fibre type (T700S-24K-50C), an f value of 0.95 was reported for a
tensioned system [14]. A lower degree of fibre straightness points to a slight misalignment
of fibres caused by the tensioning apparatus, resulting in lower mechanical performances
comparatively [14].

Figure 8. Direction parameter for different FVF samples compared to that of Mamalis et al. [14].

3.4. Tensile Performance

Different production speeds of the towpregging line resulted in different mechanical
and fractographic behaviour. The average tensile strength of 59.8% and 64.4% FVF samples
were 2039 MPa and 2187 MPa, whereas the average modulus values were 116 GPa and
138 GPa, respectively. As illustrated in Figure 9a, both strength and stiffness increased
by 7.24% and 9.28%, respectively, for the higher FVF material, or in other words, with
the production speed. Moreover, 64.4% FVF samples exhibited slightly larger standard
deviation in modulus (±16.3 GPa compared to ±9.79 GPa), which is believed to be a result
of lower homogeneity across the samples due to less consistent consolidation.

Figure 9. (a) Tensile test results of the UD-CFRP plates. (b) Different splitting modes of samples.

The Rule of Mixtures (ROM) is a simple method to estimate the mechanical properties
of the composites, which can be defined for the longitudinal direction as [16]:

σc = σf FVF + σm(1 − FVF ) (7)

Ec = Ef FVF + Em(1 − FVF ) (8)
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where σc is the tensile strength of the composite, σf is the tensile strength of fibre, σm is the
tensile strength of matrix, Ec is the modulus of the composite, Ef is the modulus of the fibre,
Em is the modulus, and FVF is the fibre volume fraction. Obtained FVF values from the
experiments were used in Equations (7) and (8) to estimate the tensile strength and modulus
of the composite plates. The discrepancy between the theoretical and experimental results
stems from the fact that the ROM equation assumes perfect interface bonding of the fibre
and matrix, which is not true in reality. As can be seen from the Table 3, the tensile test
results deviated from the theoretical value by 30.73%, whereas the deviation for 64.4% FVF
samples was 30.96%. As previously stated, fibre straightness has been found to have a
considerable impact on tensile performance, with tensile strength dropping from 2650 to
1980 MPa (a 25% reduction) when the direction parameter f is reduced from 0.95 to 0.86 [14].
Given the calculated value of the samples’ direction parameter (0.91), a divergence in tensile
performance from optimal ROM values is to be expected. Lower values for tensile strength
and stiffness can be attributed to the lower degree of fibre straightness of the samples.

Table 3. Comparison of measured tensile properties with theoretical values.

Method
Tensile Strength

at 59.8% FVF
(MPa)

Modulus at
59.8% FVF

(GPa)

Tensile Strength at
64.4% FVF

(MPa)

Modulus at
64.4% FVF

(GPa)

Fibre Direction
Parameter f

Measured 2039.04 115.63 2186.74 126.36 0.91
ROM 2913.67 138.75 3132.95 149.19 1

The adhesion between the fibres and the matrix depends on chemical bonding that can
be improved by the addition of sizing agents to increase the bonding strength of intrinsically
inert [22] and hydrophobic [23] carbon fibres, mechanical interlocking, or a combination
of different factors [24]. Figure 9b shows standard fractured samples in tension for both
59.8% and 64.4% FVF. Higher FVFs mean lower resin content, and the interfaces between
the fibre and the matrix may not be sufficient to provide an effective stress transfer. It
was observed that samples with 64.4% FVF splintered in smaller bits than its lower FVF
counterpart. The behaviour is consistent with a progressive fracture mode, which is caused
by the inconsistent load distribution leading to premature failure of the weakest portions
of the cross-section before spreading to the entire area. In contrast, samples with the lower
FVF (59.8%) fractured in splitting mode and retain a better macroscopic consistency, which
is compatible with an explosive failure profile, indicating a better interfacial bonding of the
fibre and resin matrix.

3.5. Flexural Performance

Flexural properties are of great importance for many composite applications. For
instance, tidal turbine blades endure extreme flapwise bending moments (up to six times
larger than edgewise moments) because of the thrust loadings by the water [25]. For the
same output, tidal turbine blades can be subjected to twice the thrust of wind turbines [26].
Due to the importance of flexural behaviour of composite structures, four-point bending
tests were carried out, and the results are illustrated in Figure 10.

Interestingly, the flexural strength of the 64.4% FVF sample set (1.21 GPa) was 3.5%
lower than its 59.8% FVF counterpart (1.26 GPa) while having 10.5% greater flexural modu-
lus (115.04 GPa compared to 127.1 GPa). The higher interfacial porosity at very high FVF
(see Figure 7) hastens the appearance of compressive buckling behaviour. Indeed, interfa-
cial porosity created localised interfacial stress, resulting in early failure comparatively to
less porous samples.
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Figure 10. Flexural performance of the UD-CFRP plates.

3.6. Interlaminar Shear Strength (ILSS)

The ILSS test is a cohesive failure test usually used as a quality check in the composites
industry due to the low amount of material required and the fast test speed [27]. With this
method, material homogeneity, defects, and bulk porosity can be evaluated, especially if it
occurs at the centreline of the specimen, where the shear stress is highest.

Figure 11 illustrates the change of ILSS of composite plates at different speeds and
FVFs. Samples with 64.4% FVF display poorer interlaminar shear strength compared
to the 59.8% FVF samples: 64.24 MPa compared to 58.49 MPa (an 8.95% decrease). The
void content of 64.4% FVF samples is also higher than the 59.8% samples (32.2% higher
void content). The authors believe that bulk porosity is the main contributing factor for
the decrease in ILSS at higher production speed. Moreover, the much higher standard
deviation (±6.24 MPa) of the 64.4% FVF sample set points to a less consistent consolidation
in different samples due to the lack of resin to reach a high consolidation and therefore
reduce bulk porosity.

Figure 11. Interlaminar shear strength test results of the UD-CFRP plates.

3.7. Scanning Electron Microscope (SEM) Analysis

SEM micrographs of fractured samples were compared for both production speeds to
visualise the fracture surfaces of the samples. The micrograph of the fractured 59.8% FVF
sample (3 m/min) (Figure 12a) describes a homogeneous and brittle fracture: the interfaces
show river lines, which are typical of cohesive failure and highlight a good fibre–matrix
interfacial adhesion. A lateral fracture can be seen, highlighting a sudden stress release
behaviour compatible with explosive failure.
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Figure 12. SEM images for UD-CFRP samples fractured in tension with (a) 3 m/min (59.8% FVF)
(b) 5 m/min (64.4% FVF) production speed.

The higher FVF sample set (64.4%) highlights an entirely different behaviour. Clean
interfaces can be seen, and the sample highlights longitudinal breakage (Figure 12b). These
SEM images justify the conclusion drawn from the mechanical tests, as the lack of molten
epoxy to fully coat individual fibre intra-tow regions caused a poorer interfacial stress
transfer performance in general and allowed for interfacial localised stresses due to higher
interfacial porosity.

4. Conclusions

The suitability of powder–epoxy in the high-speed, low-cost manufacturing of tow-
pregs (prepreg tapes) has been demonstrated recently. These towpregs possess excellent
properties for automated composite manufacturing systems such as AFP or filament wind-
ing. Controlling the fibre volume fraction (FVF), one of the most important parameters for
the composite’s performance, is crucial when high production speeds are targeted. With the
reported tapeline system, it is possible to produce towpregs with high FVF and excellent
mechanical properties; therefore, it offers tremendous potential as an alternative OOA
approach. Furthermore, powder–epoxy offers low viscosity, virtually indefinite shelf life,
the ability to co-cure multiple parts, and little to no VOC release. This study investigates
the relationship between the production speed, FVF, and mechanical performance of the
powder–epoxy-based carbon fibre towpregs. It was demonstrated that production at a
slower speed (3 m/min) results in better consolidation, increased stress transfer, and better
interlaminar adhesion due to the enhanced interfaces between the matrix and the carbon
fibre reinforcement. It was observed that increasing the production speed may lead to
inferior mechanical characteristics (up to 8.95% decrease in ILSS), although higher FVF
values can be achieved. In addition, the interfacial void content of the samples was quan-
tified by analysing optical micrographs with a custom algorithm. Results suggested that
higher production speeds in the tapeline system results in higher interfacial voids (3.21%
for 3 m/min and 6.07% for 5 m/min). A FVF of ≈60% for UD-CFRP laminates was found to
be an optimal value, which can be reached with the proposed tapeline system by carefully
controlling the production speed. Investigating the towpreg performance across a larger
range and at higher production speeds (>10 m/min) could be of interest in establishing the
optimal speed for the tapeline. Adjusting the powder particle flow to the tapeline speed
in order to keep the FVF constant seems paramount in order to produce high-quality and
homogeneous powder epoxy towpreg, and it is currently being investigated. Finally, a
hand layup was shown to be problematic in regard to fibre alignment and resulted in lesser
mechanical performances. Therefore, automation of the layup using an automated fibre
placement (AFP) system is also of high interest for future investigations.
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Abstract: Fibre-reinforced polymer (FRP) rebars are being increasingly used to reinforce concrete
structures that require long-term resistance to a corrosive environment. This study presents structural
performance of large scale two-way concrete slabs reinforced with FRP rebars, and their performances
were compared against conventional steel reinforced concrete. Both carbon FRP (CFRP) and basalt
FRP (BFRP) were considered as steel replacement. Experimental results showed that the CFRP- and
BFRP-RC slabs had approximately 7% and 4% higher cracking moment capacities than the steel-RC
slab, respectively. The BFRP-RC slabs experienced a gradual decrease in the load capacity beyond the
peak load, whereas the CFRP-RC slabs underwent a sharp decrease in load capacity, similar to the
steel-RC slab. The BFRP-RC slabs demonstrated 1.72 times higher ductility than CFRP-RC slabs. The
steel-RC slab was found to be safe against punching shear but failed due to flexural bending moment.
The FRP-RC slabs were adequately safe against bending moment but failed due to punching shear.
At failure load, the steel rebars were found to be yielded; however, the FRP rebars were not ruptured.
FRP-RC slabs experienced a higher number of cracks and higher deflection compared to the steel-RC
slab. However, FRP-RC slabs exhibited elastic recovery while unloading. Elastic recovery was not
observed in the steel-RC slab. Additionally, the analytical load carrying capacity was validated
against experimental values to investigate the efficacy of the current available standards (ACI 318-14
and ACI 440.1R-15) to predict the capacity of a two-way slab reinforced with CFRP or BFRP. The
experimental load capacity of the CFRP-RC slabs was found to be approximately 1.20 times higher
than the theoretical ultimate load capacity. However, the experimental load capacity of the BFRP-RC
slabs was 6% lower than their theoretical ultimate load capacity.

Keywords: fibre-reinforced polymer (FRP); basalt FRP rebar; carbon FRP rebar; two-way slab;
load–deflection behaviour; punching shear; ductility of RC slab

1. Introduction

Concrete slabs require reinforcement whether they are used as suspended structural
members (e.g., floors of a building, bridge deck, or culvert structure) or ground bearing
slabs. For suspended floor slabs, the reinforcement design depends on the superimposed
load intensity, materials properties, and span length of the slab. Concrete slabs directly
placed on the ground also require at least a minimum amount of reinforcement to protect
them from shrinkage and temperatures effects. Worldwide, this reinforcing of concrete
slabs is conventionally done using mild steel rebars.

A number of outdoor concrete infrastructures, such as marine structures, protective
structures in coastal area, airfield rigid pavements, parking areas, bridge decks, railway
sleepers, and sewer infrastructures are often subjected to various aggressive environmental
exposures, such as de-icing salts, high humidity, elevated temperatures, chloride ions,
hydrogen sulphide gas, and other chemicals [1–5]. Exposure to those harsh conditions
significantly reduces the alkalinity of the protective layer of concrete to reinforcing steel
that results in substantial damage to the steel rebars. As conventional steel rebars are highly
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prone to oxidation when exposed to moisture and air, they easily become oxidised and
produce iron oxides (rust).

Rust usually occupies a higher volume than steel and exerts multidirectional stresses
on the surrounding concrete. Consequently, failure in bonds between concrete and steel
rebars occurs, and numerous cracks develop [1]. Corrosion of steel rebars eventually leads
to the degradation of concrete, reduces the life expectancy of the structures considerably,
and demands expensive strengthening/retrofitting works [6,7]. Therefore, the long-term
durability of concrete structures subjected to severe conditions is a crucial concern in the
construction industry worldwide.

To resolve the issue, various protective measures, e.g., increasing concrete cover,
coating steel rebars with epoxy, and improving the permeability of concrete, have been
taken into consideration. Nevertheless, not a single method has been fully successful to
eliminate the corrosion risk of conventional steel reinforcement [7]. Innovation of fibre-
reinforced polymer (FRP) rebars led the construction industry a step ahead to find the
solution to the problem at a lower cost. Recently, numerous studies reported that FRP
rebars were found to be one of the promising alternatives to conventional steel rebars to
reinforce concrete structures because of their excellent corrosion resistance, tensile strength,
and lightweight [1,7–17].

FRP bars are usually manufactured from various high tensile strength fibres, such as
glass, carbon, basalt, and aramid fibres, which are impregnated using different polymeric
resins, fillers, and curing agents. FRP rebars are non-corrosive, almost non-conductive, and
possess higher tensile strength [2,8–11]. However, they exhibit a linearly elastic stress–strain
relationship (no yield point) with a lower modulus of elasticity compared to conventional
steel rebar [16,18–20].

Apart from the benefits of corrosion resistance, FRP-RC structures are lighter in weight
than steel-reinforced structures. As a result, the fabrication and installation processes of
precast concrete elements are easier. In recent years, FRP rebars have become targeted due
to the enormous potential of replacing conventional steel reinforcement in multi-storey
buildings, industrial structures, water treatment plants, and other structures. For example,
FRP rebars were used in real-life concrete structures around the world where durability
and magnetic permeability were the controlling parameters [13,20–22].

Past studies reported that CFRP rebars are effective and appropriate as reinforcements
for structural concrete [7,23]. According to Bilotta et al. [24], CFRP-RC slabs perform better
than steel-reinforced slabs even when subjected to fire. CFRP was found to be lighter
(usually 20% of the mass of conventional steel) and possesses a higher strength-to-weight
ratio and tensile strength [25]. In contrast, compared to steel reinforced slabs, CFRP-RC
slabs usually require additional shear rebars to improve the punching resistance [26].

A few recent studies investigated the performance of BFRP-RC structures under
different loading and environmental conditions [27,28]. Basalt fibre is a relatively new
building material, which is composed of minerals such as pyroxene, plagioclase, and
olivine [25]. It is environmentally friendly and can be a suitable alternative to glass fibre
in the construction industry, as it has better physical and mechanical properties [25,29,30].
Moreover, BFRP rebar has been recognized for its higher elongation at fracture and better
chemical resistance, especially in alkaline environments [31–33]. Additionally, BFRP rebars
possess a wide range of thermal and UV light resistance, have superior electro-magnetic
properties, and are less costly compared to CFRP [30].

The flexural design of FRP-RC members is comparable to that of the concrete structures
reinforced with steel rebars [1,34,35]. However, due to the lower modulus of elasticity of
FRP rebars, concrete structures reinforced with FRP rebars usually possess lower shear
strength and flexural stiffness. As stated, FRP-RC members experience wider and deeper
cracks under the same loads when compared with typical RC structures [1,35]. Concrete
structures reinforced with FRP exhibit relatively higher deflections and may experience
brittle/sudden failure [19,20].
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As reported, the structural performance of FRP-RC structures under service conditions
are promising [7]. To limit the cracks and deflection of FRP-RC structures, the design
is generally governed by the serviceable state limit [1]. In order to avoid catastrophic
failures, most of the design codes recommend an over-reinforced flexural design for FRP-
RC members [1,36]. Although the design guidelines of FRP-RC members are currently
available [1], the limitations of use and design recommendations are still evolving as
research progresses.

The present study is motivated by the promising properties of BFRP rebars, which
have the potential to substitute steel rebars in corrosive environments. To date, the literature
related to the performance of BFRP reinforced two-way concrete slabs is still scarce. Thus,
this paper deals with the load–deflection behaviour of large scale two-way concrete slabs
reinforced with BFRP and CFRP rebars. It elucidates the ultimate load capacity, modes of
failure, flexural stiffness, cracking moment, ultimate bending moment, punching shear ca-
pacity, serviceable moment, and strain distribution along the FRP rebars. The experimental
load–deflection capacities of the FRP-RC slabs are compared with the theoretical capacities
proposed by ACI 440.1R-15 [1]. The findings of this extensive experimental investigation
will help practitioners and engineers to design and construct CFRP- and BFRP-RC slabs.

2. Experimental Program

A total of seven simply supported two-way concrete slabs reinforced with CFRP, BFRP,
and steel rebar was fabricated and tested to failure. Among the seven concrete slabs, three
were reinforced with CFRP, three were reinforced with BFRP, and one was reinforced with
typical steel rebar as a control specimen.

2.1. Material Properties

Based on the manufacturer’s product data sheet, the physical and mechanical prop-
erties of the CFRP and BFRP bars used in this study are listed in Table 1. The surface of
the FRP bars and steel reinforcing bars both were deformed (Figure 1a). Locally available
ready-mix concrete (Geelong, Australia) was used to cast the concrete slabs. All slabs were
cast with the concrete with the same mix design but from two batches of concrete. The
ultimate compressive strength of the concrete used in the study is given in Table 2.

Table 1. Properties of the reinforcing bars (taken from manufacturing data sheet).

Parameters Rebar Type

Steel CFRP BFRP

Bar diameter (mm) 7.8 6 6
Nominal cross-sectional area (mm2) 48 28 28

Tensile strength (MPa) 500 2150 1300
Elastic modulus (GPa) 200 140 55

Elongation (%) 2.27 a 1.3 b 1.8 b

a Elongation at yielding; b elongation at bar rupture.

Table 2. Compressive strength of concrete and details of reinforcement.

Slab
Specimen

Concrete Compressive
Strength, f’c

(MPa)

Reinforcement Area
(mm2/m)

Effective Depth
(mm)

Reinforcement Ratio ρf
(%)

Steel 29.62 318.56 51.1 0.62

CFRP-1 29.62

188.50 52 0.36

CFRP-2 34.59

CFRP-3 34.59

BFRP-1 29.62

BFRP-2 34.59

BFRP-3 34.59
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(a) 

 
(b) 

Figure 1. Reinforcement detailing, and the dimensions of the concrete slab. (a) deformed BFRP rebar;
(b) reinforcement details.

2.2. Specimens

Figures 1 and 2 shows the reinforcement details and geometric properties of the
fabricated concrete slabs. The length, width, and thickness of the concrete slabs were 1670,
1670, and 75 mm, respectively. Table 2 shows the reinforcement type, cross-sectional area,
reinforcement ratio, and concrete compressive strength of each slab specimen. Single-layer
reinforcement was provided at the bottom (tension zone) for all concrete slabs, as the slabs
were designed to be simply supported from all sides. No reinforcement was placed in the
compression zone. The rebar in all seven slabs was spaced at 150 mm centre to centre (c/c)
in both directions. Slabs were cast outdoors and covered with plastic sheets for 3 days
to prevent moisture loss and ensure adequate curing, followed by air curing for 28 days.
Figure 3a shows the casting of concrete slabs, and Figure 3b illustrates the FRP mesh used
in the concrete slab.
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Figure 2. Cross-section (A–A) of (a) FRP reinforced slab and (b) steel reinforced slab.

  

Figure 3. Photos of (a) a concrete slab after casting and (b) the single-layer reinforcement of a slab.

2.3. Test Setup and Procedure

A monotonic uniformly distributed load (UDL) was imposed on all concrete slabs
using a load frame with a capacity of 500 kN. The UDL fixture attached to the load frame
is depicted in Figure 4a. The fixture was composed of 16 loading pistons; the diameter
of each piston was 175 mm, all acting as loading points to equally distribute the load. A
schematic diagram of the loading arrangement is shown in Figure 4b. The slabs were
simply supported at the end, resting on a steel frame with a span of 1600 mm between
supports. Preloading up to 10 kN was applied at a loading rate of 0.04 kN/s for a few times
to allow for the supports’ settlements and relieve any residual stresses. After pre-loading,
the slabs were initially loaded at a loading rate of 0.08 kN/s up to 35 kN and subsequently
loaded up to failure at a rate of 0.6 mm/min. The concrete slabs were carefully investigated
after each loading step. To record the structural responses under the applied loads, the slabs
were instrumented with one LVDT (placed at the mid-span of the slab), two electrical strain
gauges at the top, and two additional electrical strain gauges at the bottom of the slabs.
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Figure 4. (a) Photo of the UDL application on the concrete slab; (b) schematic diagram of the loading
points on a slab.

3. Test Results and Discussion

This section presents the observed failure modes, load–deflection relationship, flexural
stiffness, flexural moment capacity, ultimate bending moment, strain distribution in FRP
rebars, and the punching shear capacity of the concrete slabs.

3.1. The Failure Modes

The FRP-RC slabs experienced higher cracks compared to the steel-RC slab during
loading. The cracking patterns formed in the concrete slabs are shown in Figure 5. Since
the span lengths of all slabs in both directions were equal, they were subjected to an equal
amount of bending moment in both directions. Consequently, all slabs developed cracks in
both directions almost equally, as shown in Figure 5a–c. The steel-RC slab failed due to
the bending moment, as no catastrophic type of failure was observed. Since the steel-RC
slab was designed as an under-reinforced member, steel rebars reached yield strain before
concrete reached failure strain. FRP reinforced concrete structures are designed to be
over-reinforced, as suggested in Canadian (CAN/CSA) and American (ACI) standards.
Hence, for FRP-RC slabs, concrete reached its ultimate strength, resulted in punching shear
failure. The formation of intermediate cracks in FRP-RC slabs during loading resulted
in a progressive drop in shear capacity, which eventually led to shear failure without the
rupture of the FRP rebars.

 

  

Figure 5. Failures of concrete slabs reinforced with (a) CFRP, (b) BFRP, (c) steel rebars, and (d) punch-
ing shear failure.
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3.2. The Load–Deflection Behaviour

Figure 6 shows the load versus mid-span deflection curves of all the concrete slabs.
The uncracked state of the curves, where load–deflection responses are linear, reflect that
all concrete slabs performed similarly before cracking. Once applied loads exceeded the
rupture strength of the concrete, cracks were developed in the concrete slabs. As loading
progressed, slabs developed more cracks and failed when the load reached the peak value.
During the loading, whenever a major crack was developed in the concrete slab, RC slabs
showed a small drop in load in the load–deflection curve. Compared to the steel-RC slab,
both the CFRP- and BFRP-RC slabs exhibited higher deflection but lower ultimate load
capacity at failure. It was noted that compared to the CFRP reinforced slabs, the BFRP-RC
slabs experienced higher deflection but withstood the lowest ultimate load.

 
Figure 6. Load vs. mid-span deflection curves for all concrete slabs.

3.3. Stiffness of the Slabs

According to ACI 440.1R-15 [1], the performance of FRP-RC structures is controlled by
serviceability criteria. Additionally, ACI 440.1R-15 [1] demonstrated that FRP-RC structures
show relatively lower stiffness after cracking when compared against steel-RC structures
having the same reinforcement ratio. The present study illustrated the stiffness of the
uncracked slabs (within the cracking load) and the stiffness of the cracked sections beyond
the serviceable limit. The stiffnesses of all slabs were determined from the slopes of the
load–deflection curves [4]. To determine the stiffness of the uncracked and cracked sections
of the slabs, three tangents (I, II, III) were drawn on load–deflection curves, as shown
in Figure 7. Tangent-I and tangent-II present the linear elastic and plastic behaviours of
the slabs under superimposed loads, respectively. The slope of tangent-I and tangent-
II presents the stiffness of the uncracked and cracked sections of the slabs, respectively.
Tangent-III presents the curves after the fracture point.

Before cracking, most FRP-RC slabs (CFRP-2, CFRP-3, BFRP-2, and BFRP-3) showed
similar stiffnesses to the steel-RC slab. After cracking, however, the flexural stiffness of the
FRP-RC slabs was reduced significantly, which triggered higher deflections of the slabs
under the subsequent loadings. Table 3 list the stiffness values of cracked and uncracked
sections of the slabs. It can be noted that the reinforcement ratio of the FRP-RC slabs was
40% less than that of the steel-RC slab, and the axial rigidities of CFRP and BFRP rebars
were 41% and 16% of that of the steel rebar. However, CFRP- and BFRP-RC showed 64%
and 48% of the cracked stiffness of the steel-RC slab. Within the elastic limit, the stiffness
of BFRP and CFRP-RC members was found to be comparable to the steel-RC members.
Beyond the cracking load, the stiffness of FRP-RC members dropped substantially due to
the formation of numerous cracks.
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Figure 7. Stiffness of all slabs investigated.

Table 3. Stiffness of all test slabs.

Slab ID
Elastic

Modulus of
Rebars (GPa)

Area of Rein-
forcement
(mm2/m)

Ratio of the
Axial Rigidity
(EfrpAfrp)/(EsAs)

Stiffness of
Uncracked

Section
(kN/mm)

Uncracked
Ratio

(FRP/Steel)

Stiffness of
Cracked
Section

(kN/mm)

Cracked Ratio
(FRP/Steel)

Steel 200 318.56 1 15.76 1.00 5.45 1.00
CFRP-1

140 188.50 0.414
13.53 0.86 3.45 0.63

CFRP-2 29.57 1.87 3.44 0.63
CFRP-3 16.16 1.02 3.67 0.67
BFRP-1

55 188.50 0.162
7.28 0.46 2.47 0.45

BFRP-2 27.12 1.72 2.65 0.49
BFRP-3 22.31 1.41 2.61 0.48

3.4. Experimental Loads and Moments of the Concrete Slabs

Table 4 summarises the experimental cracking load and moment, serviceable moment,
and ultimate positive bending moments of the RC slabs. The moment calculation methods are
described in the subsequent sections. Additionally, this study chose two principles to find out
the serviceable bending moment (Ms) of the FRP-RC slabs. The first principle was taken from
ISIS-07 [37] that states that Ms is the bending moment corresponding to the FRP bar strain of
2000 με under applied loads. The second principle to determine Ms was taken from Bischoff’s
study [38], where Ms is estimated as 30% of the ultimate bending moment (Mu).

3.4.1. Cracking Moment

The experimental cracking moment (Mcr-exp) was determined from the cracking loads,
as described in Equation (1).

Mcr−exp = 0.036(wdl + wcr)l2 (1)

where Mcr−exp = experimental cracking moment in kN-m per meter, wcr = experimental
UDL on the slab in kN/m2 that created cracks, and l is the effective span length of the slab
in m.

The cracking moment capacity of concrete members depends on the modulus of
rupture value of concrete and the cross-sectional properties of the members. According to
ACI 318-14 [39], the rupture strength of concrete was determined using Equation (2). On
average, the moduli of rupture of concrete of the steel, CFRP, and BFRP-RC slabs were 3.37,
3.55, and 3.55 MPa, respectively.

fr = 0.62
√

f ′c (2)
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Table 4. Cracking moment, serviceable moment, and the ultimate bending moment of the concrete
slabs studied.

Slab ID
Cracking Load,

Pcr (kN)

Cracking
Moment, Mcr-exp

(kN-m)/m

Serviceable Moment, Ms
(kN-m)/m

Ultimate Load,
Pu (kN)

Ultimate Bending
Moment, Mu

(kN-m)/m

2000 με 0.3 Mu

Steel 50.00 1.96 - 2.45 222.50 8.17

CFRP-1 46.70 1.84 2.00 1.88 169.10 6.25

CFRP-2 56.03 2.18 2.21 1.97 177.50 6.55

CFRP-3 57.95 2.25 2.57 2.29 207.70 7.64

BFRP-1 42.04 1.67 1.60 1.16 103.00 3.87

BFRP-2 56.50 2.19 1.72 1.34 120.10 4.48

BFRP-3 57.60 2.23 1.74 1.61 144.30 5.35

Based on the results, the CFRP- and BFRP-RC slabs showed approximately 6.5 and
3.5% higher cracking moment capacities than the steel-RC slab, respectively. As the cross-
sectional properties of all slabs were the same, the variation in the rupture strength of
concrete contributed to the higher cracking moment capacities of the CFRP- and BFRP-RC
slabs, since the concrete strength was slightly lower in the steel-RC slab (Table 2).

3.4.2. Serviceable State

The flexural bending moment of the FRP-RC member within the service state is the key
indicator to assess the performance of the member subjected to out of plane loading [36].
Since FRP bars do not have a risk of corrosion, a larger width of cracks (usually 1.66 times
wider than that in typical RC members) are tolerated in FRP-RC member design [40]. Thus,
to limit the crack widths in FRP- and steel-RC members subjected to flexure, an upper
limit on FRP and steel rebars’ strain equal to 2000 με and 1200 με are allowed within the
serviceable state, respectively [37,40].

According to ISIS-07 [37], the service load capacities of the CFRP- and BFRP-RC
slabs are approximately 58.00 and 43.00 kN/m2, respectively. Additionally, based on
Bischoff’s study [38], the CFRP- and BFRP-RC slabs offer service load capacities of 52.00 and
34.00 kN/m2, respectively. The service live load capacities of the CFRP- and BFRP-RC
slabs computed from the ISIS-07 [37] method are 1.13 and 1.28 times higher than that of the
CFRP- and BFRP-RC slabs estimated following Bischoff’s study [38]. These serviceable live
load capacities demonstrate the suitability of using CFRP and BFRR rebar in concrete slab.

3.4.3. Ultimate Moment

To determine the ultimate positive bending moment capacity of a simply supported
two-way concrete slab, the coefficient method of ACI 318-14 [39] was followed. The
ultimate positive bending moment (Mu) in kN-m per unit meter was determined following
Equation (3).

Mu = 0.036(wdl + wll)l2 (3)

where wdl is the self-weight of the slab, and wll is the experimental ultimate UDL applied
on the slab in kN/m2.

Results showed that the CFRP- and BFRP-RC slabs possessed approximately 17 and
45% lower ultimate moment capacities compared to the steel-RC slab, respectively. Fur-
thermore, the ultimate moment capacity of the steel-RC slab was 4.17 times higher than
its cracking moment capacity, whereas on average, the ultimate moment capacities of the
CFRP- and BFRP-RC slabs was 3.25 and 2.25 times higher than their cracking moment
capacities. The reason for that is due to the development of numerous wide cracks in the
FRP-RC slabs beyond the cracking load. As the FRP bar has a lower modulus of elasticity
compared to steel, the FRP-RC slabs underwent significantly higher deflections under the
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same load. Consequently, numerous cracks were developed beyond the serviceable limit,
and cracking continually increased until the failure. Progressive cracking significantly
reduced the flexural capacity of the FRP-RC slabs, as the propagation of cracks into the
compressive zone led to the reduction in the effective depth of the slabs. Thus, the FRP-RC
slabs showed lower ultimate moment capacity compared to the steel-reinforced slab. Fur-
thermore, the BFRP-RC slabs had around 34% lower ultimate moment capacity than the
CFRP-RC slabs, as BFRP bars used in the study had approximately 60% lower modulus of
elasticity than that of the CFRP bars.

3.5. Displacement Ductility of the Slabs

The displacement ductility of the FRP and steel-RC slabs was estimated as the ratio of
the maximum deflection at ultimate load (Δmax) and the deflection (Δx) at the intersection
of the cracked and uncracked section observed in the load–deflection curve [41], as shown
in Figure 8. The displacement ductility values of the slabs are given in Table 5. On
average, the CFRP- and BFRP-RC slabs exhibited 1.26- and 2.18-times higher ductility
compared to that of the steel-RC slab. Therefore, FRP-RC members even with a lower
reinforcement ratio can have higher ductility compared to typical steel reinforcement slabs
with a higher reinforcement ratio (reinforcement ratios in the steel and FRP-RC slabs
were 0.0062 and 0.0036, respectively). Moreover, the enhanced ductility properties of
the BFRP-RC slabs should not be overlooked, as, on average, the BFRP reinforced slabs
demonstrated 1.72 times higher ductility than CFRP reinforced slabs. The reason for this is
that BFRP-RC slabs experienced a gradual decrease in the load capacity with incremental
displacement, whereas CFRP reinforced slabs underwent a sharp decrease in load capacity.
This demonstrates that BFRP bars could effectively be used to reinforce structural concrete
where higher ductility of the member is desired.

Table 5. Displacement ductility of the slabs investigated.

Slab ID
Deflection (Δx) at the Intersection of the Tangents Deflection at Ultimate Load Ductility of the Slabs

Δx (mm) Δmax (mm) Δmax
Δx

Steel-RC slab 3.20 46.45 14.51

CFRP-1 2.85 49.58 17.39

CFRP-2 2.20 50.26 22.84

CFRP-3 4.25 63.63 14.97

BFRP-1 4.80 56.79 11.83

BFRP-2 2.15 85.00 39.53

BFRP-3 2.00 87.00 43.504

Figure 8. Method of determining displacement ductility of the slabs tested.
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3.6. Residual Deflections and Elastic Recovery of the Slabs

Table 6 shows the ultimate deflection at failure load and the residual deflection af-
ter load release. This behaviour is consistent with the findings reported by other re-
searchers [22,42,43]. The residual deflection (ΔR) and the ultimate deflection (ΔU) ratio
(ΔR/ΔU) represent the permanent deflection when the applied load was released. Both
the CFRP- and BFRP-RC slabs showed a significant elastic recovery when the slabs were
unloaded. The elastic recovery of each slab was calculated as the ratio of the difference
between ultimate deflection and residual deflection with respect to ultimate deflection. This
implies that the FRP bars did not reach their rupture strain under the superimposed loads.
However, the elastic recovery in the concrete slab reinforced with steel was not observed.
Since the steel-RC slabs are usually designed as under-reinforced members, permanent
deformation occurred in the steel of the concrete slab reinforced with steel rebars.

Table 6. The ultimate and residual deflections of the slabs.

Slab ID
Deflection at
Serviceability
Limit Δs (mm)

Ultimate
Deflection

ΔU

Ultimate
Deflection

Ratio

Residual Deflection
ΔR

Elastic
Recovery

2000 με 0.3 Mu (FRP/steel) (%)

Steel-RC slab - 9.97 46.45 1 46.45 0
CFRP-1 20.1 6.65 49.58 1.07 18.00 64
CFRP-2 4.5 4.23 50.26 1.08 22.87 54
CFRP-3 3.35 8.6 63.63 1.37 38.42 40
BFRP-1 5.2 4.8 56.79 1.22 24.69 57
BFRP-2 1.35 1.2 85.00 1.83 38.12 55
BFRP-3 19.6 1.7 87.00 1.87 36.8 57

3.7. Experimental vs. Theoretical Deflections

The amount of deflection at the centre of a two-way RC slab is considered identical
irrespective of the direction of a slab. It depends on the modulus of elasticity of concrete,
applied load intensity, and geometrical properties, such as moment of inertia and span
length of the slab. The theoretical centre point deflection of the RC slabs was calculated
using Equation (4).

Δ =
5wl4

384EIe
(4)

where w = (wdl + wll), l = effective span length, E = modulus of elasticity of concrete, and
Ie= effective moment of inertia of the section, which is related to tangent (II) of Figure 7.

Figure 9a–c shows comparative studies on the experimental and theoretical load–
deflection curves obtained based on the guidelines provided in ACI 318-14 [39], ACI 440.1R-
15 [1], and Bischoof and Scanlon (2007) [44]. The experimental ultimate load capacities
of the steel-, CFRP-, and BFRP-RC slabs were 90.26, 74.95, and 49.68 kN/m2, respectively.
According to ACI 318-14 [39], the theoretical ultimate load capacities of the steel, CFRP,
and BFRP-RC slabs are 90.00, 62.50, and 52.70 kN/m2, respectively, corresponding to the
same deflection values obtained under the ultimate experimental loads. The steel-RC slab
showed the same load capacity experimentally and theoretically. The experimental load
capacity of the CFRP-RC slabs was found to be approximately 1.20 times higher than the
theoretical ultimate load capacity. However, the BFRP reinforced concrete slabs showed 6%
less experimental load capacity than its theoretical counterpart.
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Figure 9. Theoretical and experimental load–deflection curves of (a) steel, (b) CFRP, and (c) BFRP-
RC slabs.

311



J. Compos. Sci. 2022, 6, 74

3.8. Load–Strain Profile of Rebars Used in the Slabs

Figure 10 shows the strain distributions in the reinforcements of the concrete slabs
measured using electrical strain gauges. The dashed lines present strain in the rebar in
one direction, while the continuous lines correspond to the strain in the rebar in other
(perpendicular) direction (see Figure 1 for directions and the location of strain gauges). The
strain value acting in the rebar from one slab of each group is shown in Figure 10. The
maximum strain at failure loads in the steel, CFRP, and BFRP rebars were approximately
14,200, 11,000, and 19,000 με, respectively. The maximum measured strain in CFRP rebars
was about 85% of its ultimate strain, while the measured strain in the BFRP rebars exceeded
the nominal elongation by 2.9%. Although the BFRP rebars showed higher elongation at
ultimate load than other rebars types used, the BFRP rebars were not ruptured, as they
showed elastic recovery during unloading. Table 7 lists the measured strain values and
developed stresses in FRP rebars at failure loads. Additionally, the ultimate strain of
concrete for each slab computed using ACI 440.1R-15 [1] is presented. The developed stress
in all FRP rebars at ultimate load remained well below the rupture strength. This implies
that FRP rebars did not rupture when the slabs failed due to loads. As punching shear of
concrete triggers the failure of FRP-RC slabs, this study recommends high strength concrete
to be used in concrete structures reinforced with FRP rebars to achieve high resistance
against punching shear force.

Figure 10. Strain distribution in the reinforcements of the slabs tested.

Table 7. Stress and strain values of the FRP rebars in the slabs at failure load.

Slab ID
Ultimate Strain

of Concrete
Strain in Rebars

at Failure

Developed
Stress in FRP

Rebars

Ultimate
Strength of
FRP Rebars

Ratio of
Stress/Strength
of FRP Rebars

Remarks on
FRP Rebars

(MPa) (MPa)

Steel 0.00199 0.01420 - - -
CFRP-1 0.00199 0.01042 1458

2150
0.67

Not rupturedCFRP-2 0.00202 0.01125 1575 0.73
CFRP-3 0.00202 0.01133 1586 0.73
BFRP-1 0.00199 0.01752 963

1300
0.74

Not rupturedBFRP-2 0.00202 0.01887 1037 0.79
BFRP-3 0.00202 0.01920 1056 0.81
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3.9. Flexural Moment Capacities of the Concrete Slabs

Table 8 shows the resisting moment capacity (Mn) of the concrete slabs calculated
following ACI 318-14 [39] and ACI 440.1R-15 [1], and the ultimate positive bending moment
at failure load. Additionally, the reinforcement ratio used in the study and the balanced
reinforcement ratio for the slabs are listed. Since the resisting moment capacities of FRP-RC
slabs are higher than the ultimate positive bending moment at failure, all FRP-RC slabs
were safe against flexural failure. However, the steel-RC slab failed due to bending, as the
resisting moment capacity of the steel-RC slab was less than the ultimate bending moment.
The failure of the steel-RC slab occurred due to the yielding of steel rebars because it was
designed as an under-reinforced member.

Table 8. Ultimate resisting moment and bending moment of the slabs.

Slab ID
Reinforcement

Ratio

Balanced
Reinforcement

Ratio

Resisting
Moment, Mn

Resisting
Load, Pn

Ultimate
Bending

Moment, Mu

Mn
Mu

Ratio Remarks

(kN-m/m) (kN) (kNm/M)

Steel 0.00623 0.02269 7.61 206.95 8.17 0.93 Failed by steel
yielding

CFRP-1
0.00362

0.00241 10.04 274.45 6.25 1.61 Safe against
bending momentCFRP-2 0.00248 11.06 302.78 6.55 1.69

CFRP-3 0.00248 11.06 302.78 7.64 1.45
BFRP-1

0.00362
0.00240 6.77 183.61 3.87 1.75 Safe against

bending momentBFRP-2 0.00239 7.41 201.39 4.48 1.65
BFRP-3 0.00239 7.41 201.39 5.35 1.39

3.10. Punching Shear Capacity of the Slabs

Two critical sections were considered to investigate the punching shear capacity of the
RC slabs. Section 1 was around the individual loading piston, and Section 2 was around
the total loading considering a point load, as presented in Figure 11a,b, respectively. To
determine the theoretical punching shear capacity of the FRP-RC slabs, the punching shear
prediction models proposed by ACI 440.1R-15 [1], El-Gamal et al. [35], and Metwally [6]
were chosen. All slabs were found to be adequately safe against punching shear along the
critical Section 1. The punching shear capacity along the critical Section 2 obtained from
the analytical prediction models was comparable with the experimental loads, as listed in
Table 9. The ratio

(
Vpred/Vexp

)
for each theoretical model was calculated for each type of

reinforcement. Based on the ACI 318-14 [39] model, the punching shear capacity
(

Vpred

)
of the steel-RC slab was 240.10 kN, while the ultimate experimental failure load

(
Vexp

)
was 222.50 kN. This infers that the steel-RC slab was safe against punching shear force as(

Vpred/Vexp

)
= 1.08 for the slab.

Table 9. Experimental and theoretical punching shear capacity of the CFRP- and BFRP-RC slabs
based on different analytical models.

Slabs Vexp (kN)
ACI 440.1R-15 [1] El-Gamal et al. [35] Metwally [6]

Vpred (kN) Vpred/Vexp Vpred (kN) Vpred/Vexp Vpred (kN) Vpred/Vexp

CFRP-1 169.10 177.1 1.05 181.5 1.07 202.4 1.20
CFRP-2 177.49 184.9 1.04 196.5 1.11 219.1 1.23
CFRP-3 207.74 184.9 0.89 196.5 0.95 219.1 1.05
BFRP-1 102.96 115.0 1.12 132.9 1.29 148.2 1.44
BFRP-2 120.05 119.9 1.00 143.9 1.20 160.5 1.34
BFRP-3 144.34 119.9 0.83 143.9 1.00 160.5 1.11
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Figure 11. Critical sections to calculate the punching shear force capacity of the slabs. (a) Critical
Section 1 around individual loading piston; (b) Critical Section 2 around total loading piston.

According to ACI 440.1R-15 [1], the CFRP-3, BFRP-2, and BFRP-3 slabs were not safe
against punching shear as Vpred/Vexp was less than 1.00. Although the CFRP-1, CFRP-2,
and BFRP-1 slabs showed Vpred/Vexp ratios slightly higher than 1.00, they were vulnerable
to punching shear or were likely to fail due to punching shear.

In contrast, based on the punching shear prediction model proposed by
El-Gamal et al., [35], all FRP-RC slabs except CFRP-3 and BFRP-3 were found to be safe
against the punching shear. Furthermore, all FRP-RC slabs were found resilient against
the punching shear when the prediction model proposed by Metwally [6] was considered.
Compared to El-Gamal et al. [35] and Metwally [6], ACI 440.1R-15 [1] underestimates the
two-way shear capacity of the FRP-RC slab.

In summary, the punching shear capacity of an RC slab highly depends on the effective
depth and compressive strength of concrete. If the effective depth of a slab is compromised
due to the formation of cracks, the punching shear capacity is significantly reduced. As
the FRP-RC slabs experienced increasingly higher cracking than the steel-RC slab while
loading, the effective depths of the slabs were significantly reduced. Consequently, the
FRP-RC slabs failed due to punching shear, while the steel-reinforced slab failed due to
flexural bending moment.

3.11. Experimental Load and Internal Capacities of the Slabs

According to ACI 440.1R-15 [1] and ACI 318-14 [39], based on the internal resisting
moments, punching shear capacities and one-way shear capacities, the load capacities of
the RC slabs per square meter are summarised in Table 10. It is evident that the steel-RC
slab was safe against shear forces but failed due to flexural bending moment. Nevertheless,
all FRP-RC slabs were safe against bending moment and one-way shear but were critical
against punching shear. Thus, this study recommends high strength concrete and/or
additional shear reinforcement for FRP-RC slabs to mitigate the punching susceptibility of
the slabs.
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Table 10. Experimental failure load and internal capacities of the RC slabs.

Slab ID

Experimental Failure
Load (Pu) of the Slabs

in kN/m2

Internal Load Resistance (Pn) of the Slabs in kN/m2 Based on
Pn−m

Pu

Pn−ps
Pu

Pn−s
Pu

Flexural Moment
(Pn-m)

Punching Shear
Capacity (Pn-ps)

One Way Shear
Capacity (Pn-s)

Steel 90.27 83.96 97.41 122.30 0.93 1.08 1.35
CFRP-1 68.60 111.34 71.85 124.45 1.62 1.05 1.81
CFRP-2 72.01 122.84 75.01 134.50 1.71 1.04 1.87
CFRP-3 84.26 122.84 75.01 134.50 1.46 0.89 1.60
BFRP-1 41.79 74.49 46.66 124.45 1.78 1.12 2.98
BFRP-2 48.72 81.70 48.64 134.50 1.68 1.00 2.76
BFRP-3 58.54 81.70 48.64 134.50 1.40 0.83 2.30

4. Summary and Conclusions

This study demonstrates structural performance of two-way concrete slabs reinforced
with CFRP, BFRP, and conventional steel rebars. The load versus mid-span deflection
behaviour, cracked and uncracked stiffness, serviceability, flexural moment capacity, and
punching and one-way shear capacity of the RC slabs were investigated and considered as
indicators of structural performance. Based on the experimental and analytical investiga-
tion, the following essential conclusion can be drawn:

• Compared to the typical steel-RC slab, both the CFRP- and BFRP-RC slabs expe-
rienced significantly higher deflection and cracking while loading. However, the
performance of the FRP-RC slabs was comparable to that of the steel-RC slab within
the serviceability limit.

• Although the axial rigidity of CFRP and BFRP rebars are 41% and 16% of that of
steel rebar, the CFRP- and BFRP-RC slabs exhibited 64% and 48% the stiffness of the
steel-RC slab after cracking.

• Both the CFRP- and BFRP-RC slabs showed significant elastic recovery during unload-
ing, which was not the case in the steel-RC slab. This indicates that the FRP rebars did
not reach their rupture strain, as CFRP and BFRP rebars reached 71% and 78% of their
rupture strength at failure, respectively.

• Beyond the peak load, the BFRP-RC slabs experienced a gradual decrease in the load
capacity with incremental displacement, whereas the CFRP-RC slabs underwent a
sharp decrease in load capacity, similar to the steel-RC slab. Consequently, the CFRP-
and BFRP-RC slabs exhibited 1.26- and 2.18-times higher displacement-ductility than
that of the steel-RC slab. The BFRP-RC slabs demonstrated 1.72-times higher ductility
than CFRP-RC slabs because the percentage of elongation of BFRP rebars was higher
than that of CFRP rebars.

• The steel-RC slab failed due to flexural tension, and the FRP-RC slabs failed due to
punching shear. As the FRP-RC slabs experienced significantly higher cracks, the shear
capacity of the slabs dropped gradually with the increase of loading. These cracks
resulted in reducing the effective depth of the section. Thus, the FRP-RC slabs failed
due to punching shear without any rupture of the FRP rebars.

• Since the design of the FRP-RC flexural member is governed by serviceability criteria,
and the performance of CFRP- and BFRP-RC slabs is comparable with that of the
steel-RC slab, CFRP- and BFRP both are suitable to reinforce concrete slabs.

Although FRP rebars are more expensive than steel rebars, they can be an alternative
to typical steel rebars to reinforce concrete slabs where corrosion resistance is a concern.
Therefore, the benefit of using FRP rebars in concrete is to improve durability. This study
demonstrated that CFRP and BFRP rebars both can be an alternative to steel rebars as their
performance within the serviceability limit is satisfactory and comparable to steel rebars.
Additionally, BFRP is cheaper than CFRP rebar and has a competitive price. Hence, BFRP
bars can be a choice to reinforce structural concrete where durability and/or higher strength-
to-weight ratio is desired. However, additional shear reinforcement and/or higher strength
concrete is recommended to improve the punching shear capacity of the BFRP-RC slabs.

315



J. Compos. Sci. 2022, 6, 74

Author Contributions: Conceptualization, M.S. and E.O.G.; methodology, M.S. and E.O.G.; software,
M.S. and S.K.S.; validation, S.K.S., M.S. and E.O.G.; formal analysis, S.K.S.; investigation, S.K.S. and
M.S.; resources, M.S., E.O.G. and R.A.-A.; data curation, E.O.G.; writing—original draft preparation,
S.K.S.; writing—review and editing, M.S. and R.A.-A.; visualization, S.K.S.; supervision, M.S.; project
administration, E.O.G.; funding acquisition, M.S., E.O.G. and R.A.-A. All authors have read and
agreed to the published version of the manuscript.

Funding: This project was funded by internal research grant of School of Engineering at Deakin University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ACI PRC-440.1-15; Guide for the Design and Construction of Structural Concrete Reinforced with Fiber-Reinforced Polymer Bars.
American Concrete Institute: Farmington Hills, MI, USA, 2015.

2. Wang, X.; Zhang, X.; Ding, L.; Tang, J.; Wu, Z. Punching shear behavior of two-way coral-reef-sand concrete slab reinforced with
BFRP composites. Constr. Build. Mater. 2020, 231, 117113. [CrossRef]

3. Shill, S.K.; Al-Deen, S.; Ashraf, M.; Hossain, M.M. Residual properties of conventional concrete repetitively exposed to high
thermal shocks and hydrocarbon fluids. Constr. Build. Mater. 2020, 252, 119072. [CrossRef]

4. Mirza, O.; Shill, S.K.; Johnston, J. Performance of Precast Prestressed Steel-Concrete Composite Panels Under Static Loadings to
Replace the Timber Transoms for Railway Bridge. Structures 2019, 19, 30–40. [CrossRef]

5. Shill, S.K.; Al-Deen, S.; Ashraf, M.; Elahi, M.A.; Subhani, M.; Hutchison, W. A comparative study on the performance of
cementitious composites resilient to airfield conditions. Constr. Build. Mater. 2021, 282, 122709. [CrossRef]

6. Metwally, I.M. Prediction of punching shear capacities of two-way concrete slabs reinforced with FRP bars. HBRC J. 2013, 9,
125–133. [CrossRef]

7. Aljazaeri, Z.; Alghazali, H.H.; Myers, J.J. Effectiveness of Using Carbon Fiber Grid Systems in Reinforced Two-Way Concrete Slab
System. ACI Struct. J. 2020, 117, 81–89. [CrossRef]

8. El-Gamal, S.; El-Salakawy, E.; Benmokrane, B. Behavior of Concrete Bridge Deck Slabs Reinforced with Fiber-Reinforced Polymer
Bars Under Concentrated Loads. ACI Struct. J. 2005, 102, 727. [CrossRef]

9. Yost, J.R.; Goodspeed, C.H.; Schmeckpeper, E.R. Flexural Performance of Concrete Beams Reinforced with FRP Grids. J. Compos.
Constr. 2001, 5, 18–25. [CrossRef]

10. Mahroug, M.; Ashour, A.; Lam, D. Tests of continuous concrete slabs reinforced with carbon fibre reinforced polymer bars.
Compos. Part B Eng. 2014, 66, 348–357. [CrossRef]

11. Banthia, N.; Al-Asaly, M.; Ma, S. Behavior of Concrete Slabs Reinforced with Fiber-Reinforced Plastic Grid. J. Mater. Civ. Eng.
1995, 7, 252–257. [CrossRef]

12. Cai, J.; Pan, J.; Zhou, X. Flexural behavior of basalt FRP reinforced ECC and concrete beams. Constr. Build. Mater. 2017, 142,
423–430. [CrossRef]

13. Fang, H.; Xu, X.; Liu, W.; Qi, Y.; Bai, Y.; Zhang, B.; Hui, D. Flexural behavior of composite concrete slabs reinforced by FRP grid
facesheets. Compos. Part B Eng. 2016, 92, 46–62. [CrossRef]

14. Zhang, B.; Masmoudi, R.; Benmokrane, B. Behaviour of one-way concrete slabs reinforced with CFRP grid reinforcements. Constr.
Build. Mater. 2004, 18, 625–635. [CrossRef]

15. Rahman, A.H.; Kingsley, C.Y.; Kobayashi, K. Service and Ultimate Load Behavior of Bridge Deck Reinforced with Carbon FRP
Grid. J. Compos. Constr. 2000, 4, 16–23. [CrossRef]

16. Michaluk, C.R.; Rizkalla, S.H.; Tadros, G.; Benmokrane, B. Flexural behavior of one-way concrete slabs reinforced by fiber
reinforced plastic reinforcements. ACI Struct. J. 1998, 95, 353–365.

17. Erfan, A.M.; Elnaby, R.M.A.; Badr, A.A.; El-Sayed, T.A. Flexural behavior of HSC one way slabs reinforced with basalt FRP bars.
Case Stud. Constr. Mater. 2021, 14, e00513. [CrossRef]

18. Mahroug, M.E.M. Behaviour of Continuous Concrete Slabs Reinforced with FRP Bars. Experimental and Computational
Investigations on the Use of Basalt and Carbon Fibre Reinforced Polymer Bars in Continuous Concrete Slabs. Ph.D. Thesis,
University of Bradford, Bradford, UK, 2014.

19. El-Salakawy, E.; Benmokrane, B. Serviceability of concrete bridge deck slabs reinforced with FRP composite bars. ACI Struct. J.
2004, 101, 727–736.

20. Taerwe, L. Non-Metallic (FRP) Reinforcement for Concrete Structures: Proceedings of the Second International RILEM Symposium; CRC
Press: Boca Raton, FL, USA, 2014.

21. Zhang, Q. Behaviour of Two-Way Slabs Reinforced with Cfrp Bars. Ph.D. Thesis, Memorial University of Newfoundland,
St. John’s, NL, Canada, 2006.

22. Rashid, M.I. Concrete Slabs Reinforced with GFRP Bars; Memorial University of Newfoundland: St. John’s, NL, Canada, 2004.

316



J. Compos. Sci. 2022, 6, 74

23. Karayannis, C.G.; Kosmidou, P.-M.K.; Chalioris, C.E. Reinforced Concrete Beams with Carbon-Fiber-Reinforced Polymer Bars—
Experimental Study. Fibers 2018, 6, 99. [CrossRef]

24. Bilotta, A.; Compagnone, A.; Esposito, L.; Nigro, E. Structural behaviour of FRP reinforced concrete slabs in fire. Eng. Struct.
2020, 221, 111058. [CrossRef]

25. Amran, Y.H.M.; Alyousef, R.; Rashid, R.S.M.; Alabduljabbar, H.; Hung, C.-C. Properties and applications of FRP in strengthening
RC structures: A review. Structures 2018, 16, 208–238. [CrossRef]

26. Huang, Z.; Zhao, Y.; Zhang, J.; Wu, Y. Punching shear behaviour of concrete slabs reinforced with CFRP grids. Structures 2020, 26,
617–625. [CrossRef]

27. Yu, X.; Zhou, B.; Hu, F.; Zhang, Y.; Xu, X.; Fan, C.; Zhang, W.; Jiang, H.; Liu, P. Experimental investigation of basalt fiber-reinforced
polymer (BFRP) bar reinforced concrete slabs under contact explosions. Int. J. Impact Eng. 2020, 144, 103632. [CrossRef]

28. Hassan, M.; Benmokrane, B.; ElSafty, A.; Fam, A. Bond durability of basalt-fiber-reinforced-polymer (BFRP) bars embedded in
concrete in aggressive environments. Compos. Part B Eng. 2016, 106, 262–272. [CrossRef]

29. Adhikari, S. Mechanical Properties and Flexural Applications of Basalt Fiber Reinforced Polymer (BFRP) Bars. Ph.D. Thesis,
University of Akron, Akron, OH, USA, 2009.

30. Sun, X.; Gao, C.; Wang, H. Bond performance between BFRP bars and 3D printed concrete. Constr. Build. Mater. 2021, 269, 121325.
[CrossRef]

31. Balea, L.; Dusserre, G.; Bernhart, G. Mechanical behaviour of plain-knit reinforced injected composites: Effect of inlay yarns and
fibre type. Compos. Part B Eng. 2014, 56, 20–29. [CrossRef]

32. Deák, T.; Czigány, T. Chemical composition and mechanical properties of basalt and glass fibers: A comparison. Text. Res. J. 2009,
79, 645–651. [CrossRef]

33. Attia, K.; Alnahhal, W.; Elrefai, A.; Rihan, Y. Flexural behavior of basalt fiber-reinforced concrete slab strips reinforced with BFRP
and GFRP bars. Compos. Struct. 2019, 211, 1–12. [CrossRef]

34. Nanni, A. Flexural Behavior and Design of RC Members Using FRP Reinforcement. J. Struct. Eng. 1993, 119, 3344–3359. [CrossRef]
35. El-Gamal, S.; El-Salakawy, E.; Benmokrane, B. A new punching shear equation for two-way concrete slabs reinforced with FRP

bars. ACI Spec. Publ. 2005, 230, 877–894.
36. Goonewardena, J.; Ghabraie, K.; Subhani, M. Flexural Performance of FRP-Reinforced Geopolymer Concrete Beam. J. Compos. Sci.

2020, 4, 187. [CrossRef]
37. Provis, J.L.; Rose, V.; Bernal, S.A.; van Deventer, J.S.J. High-Resolution Nanoprobe X-ray Fluorescence Characterization of

Heterogeneous Calcium and Heavy Metal Distributions in Alkali-Activated Fly Ash. Langmuir 2009, 25, 11897–11904. [CrossRef]
[PubMed]

38. Bischoff, P.; Gross, S.; Ospina, C. The story behind proposed changes to ACI 440 deflection requirements for FRP-reinforced
concrete. Spec. Publ. 2009, 264, 53–76.

39. ACI CODE-318-14: Building Code Requirements for Structural Concrete and Commentary; American Concrete Institute: Farmington
Hills, MI, USA, 2014.

40. Bischoff, P.H. Reevaluation of Deflection Prediction for Concrete Beams Reinforced with Steel and Fiber Reinforced Polymer Bars.
J. Struct. Eng. 2005, 131, 752–767. [CrossRef]

41. Rakhshanimehr, M.; Esfahani, M.R.; Kianoush, M.R.; Mohammadzadeh, B.A.; Mousavi, S.R. Flexural ductility of reinforced
concrete beams with lap-spliced bars. Can. J. Civ. Eng. 2014, 41, 594–604. [CrossRef]

42. Benmokrane, B.; Chaallal, O.; Masmoudi, R. Glass fibre reinforced plastic (GFRP) rebars for concrete structures. Constr. Build.
Mater. 1995, 9, 353–364. [CrossRef]

43. Ospina, C.E.; Alexander, S.D.B.; Cheng, J.J.R. Punching of Two-Way Concrete Slabs with Fiber-Reinforced Polymer Reinforcing
Bars or Grids. Struct. J. 2003, 100, 589–598.

44. Bischoff, P.H.; Scanlon, A. Effective Moment of Inertia for Calculating Deflections of Concrete Members Containing Steel
Reinforcement and Fiber-Reinforced Polymer Reinforcement. ACI Struct. J. 2007, 104, 68. [CrossRef]

317



Citation: Burgani, T.d.S.; Alaie, S.;

Tehrani, M. Modeling Flexural

Failure in Carbon-Fiber-Reinforced

Polymer Composites. J. Compos. Sci.

2022, 6, 33. https://doi.org/

10.3390/jcs6020033

Academic Editor: Jiadeng Zhu

Received: 23 December 2021

Accepted: 11 January 2022

Published: 19 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Modeling Flexural Failure in Carbon-Fiber-Reinforced
Polymer Composites

Thiago de Sousa Burgani 1, Seyedhamidreza Alaie 2 and Mehran Tehrani 1,*

1 Walker Department of Mechanical Engineering, The University of Texas at Austin, Austin, TX 78712, USA;
thiagoburgani@gmail.com

2 Department of Mechanical and Aerospace Engineering, New Mexico State University, Las Cruces,
NM 88003, USA; alaie@nmsu.edu

* Correspondence: tehrani@utexas.edu

Abstract: Flexural testing provides a rapid and straightforward assessment of fiber-reinforced com-
posites’ performance. In many high-strength composites, flexural strength is higher than compressive
strength. A finite-element model was developed to better understand this improvement in load-
bearing capability and to predict the flexural strength of three different carbon-fiber-reinforced
polymer composite systems. The model is validated against publicly available experimental data and
verified using theory. Different failure criteria are evaluated with respect to their ability to predict the
strength of composites under flexural loading. The Tsai–Wu criterion best explains the experimental
data. An expansion in compressive stress limit for all three systems was observed and is explained
by the compression from the loading roller and Poisson’s effects.

Keywords: carbon fiber; fiber-reinforced polymer composite; flexural strength; modeling; failure
mode; finite-element analysis

1. Introduction

With the desire for high strength-to-weight ratio materials in aerospace, automotive,
medical, and energy sectors, carbon-fiber-reinforced polymer composites (CFRP) have been
attracting growing attention as a lightweight and strong material. Extensive composite
material characterization ensures safety compliance and provides critical design data in the
listed industries. Modeling the elastic behavior of orthotropic materials with transverse
isotropy usually requires the characterization of five independent elastic constants, namely,
E1, E2, G12, ν12 and G23 (or v23), which represent Young’s modulus in the fiber direction,
Young’s modulus perpendicular to the fiber direction, the in-plane shear modulus, the in-
plane Poisson’s ratio, the out-of-plane shear modulus, and the out-of-plane Poisson’s ratio,
respectively [1]. However, there are few significant mathematical relations for material
strength resulting in numerous resource-intensive destructive tests, often providing single
failure mode results. Accordingly, it is advantageous to study composite behavior under
combined loading, and their dominating failure modes.

A relatively inexpensive and straightforward test for composites is the ASTM D7264,
utilized for obtaining flexural properties of polymer-reinforced composites. Though seldom
used for design, flexural tests are often used for quality control in composites. Flexural test-
ing requires a simple rectangular sample and uses a three-point bending setup to measure
the flexural response of specimens. The dominating flexural failure modes are compres-
sion at the top ply (either fiber microbuckling or ply-level buckling) and tension at the
bottom-most ply [2]. The flexural strength of different CFRP systems often surpasses their
compressive strength (F1c). Flexural strength lies between the fiber direction compressive
and tensile strengths in the CFRP systems investigated here [3–5].

Through finite-element analysis (FEA), this study investigates stress interactions
occurring in unidirectional, 20 ply CFRP samples loaded through a three-point flexural

J. Compos. Sci. 2022, 6, 33. https://doi.org/10.3390/jcs6020033 https://www.mdpi.com/journal/jcs318



J. Compos. Sci. 2022, 6, 33

test, and predicts the flexural strength of each system with reasonable accuracy. Three
CFRP systems of interest are investigated where their flexural strengths vary from their
compressive strength, an average of the tensile and comprehensive strengths, to their tensile
strength. Different failure criteria were evaluated with respect to their ability to predict the
flexural strength of the three CFRP systems.

2. Materials and Methods

2.1. ASTM D7264

The evaluated test in this study is Procedure A (3-point bending) of ASTM D7264—
Standard Test Method for Flexural Properties of Polymer Matrix Composite Materials [2].
A diagram of the test is shown below in Figure 1. ASTM-recommended dimensions were
utilized as shown in Table 1 below.

Figure 1. Three-point bending test diagram.

Table 1. ASTM D7264 parameters used in finite-element model.

Parameter
Span Length L

(mm)
Thickness t (mm)

Width—Into the
Page (mm)

Additional
Overhang (%)

Loading Nose
Radius (mm)

Value 128 4 13 20 5

The width and the loading/support rollers are not pictured. The resulting span-to-
thickness ratio was 32:1, limiting out-of-plane shear deformations such as those experienced
by short-beam test ASTM D2344. In the 3-point configuration, the expected failure was
directly under the loading nose, as buckling (compression) or through the laminate cracking,
originating due to tensile cracking at the bottom-most ply [2].

The chosen stacking sequence was [0]10s to maintain the neutral (bending) axis at
the center of the laminate and allow for the application of homogeneous beam theory to
estimate flexural strength. Twenty plies were chosen to maintain an averaged ply thickness
of 0.2 mm across systems, maintaining 4 mm overall thickness.

2.2. CFRP Systems

Three CFRPs were chosen on the basis of their flexural strength characteristics. Though
thermoset composites still dominate the aerospace industry, there has been a recent push to
incorporate thermoplastics in the industry [6]. Thermoplastic composites offer superior
operational temperatures, weldability, and recyclability in comparison with thermoset
composites [6,7]. Toray T700/TC1225 LM-PAEK exhibits flexural strength close to its
compressive strength in the fiber direction [3]. Solvay APC-2 PEEK exhibits flexural strength
near its tensile strength in the fiber direction [4]. Hexcel’s AS4—8552 epoxy exhibits flexural
strength approximately halfway between its tensile and compressive strengths [5]. PEEK
and LM-PAEK are thermoplastic-based systems, and 8552 is a thermosetting matrix. Toray
and Hexcel material properties were obtained from the Wichita State NIAR database [8].
Table 2 summarizes their strength and strain values. Comprehensive test data are publicly
available for the above systems (room temperature and dry conditions) [3–5].
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Table 2. Strengths and strains of three selected CFRP systems.

Composite System
(Fiber/Resin)

Tensile Strength
(MPa)

Compressive
Strength (MPa)

Flexural Strength
(MPa)

Ultimate Tensile
Strain (%)

Ultimate Compressive
Strain (%)

T700/Toray LM PAEK 2322 1226 1455 1.86 0.98

APC2/PEEK (Solvay) 2070 1360 2000 1.45 1.10

AS4/Hexcel 8552 2205 1530 1889 1.56 1.09

All three systems are present in the aerospace industry to varying degrees, contributing
to primary and secondary aircraft structures such as fuselage panels and aircraft pressure
bulkheads [4,9,10].

2.3. Failure Criteria

Different failure criteria were chosen to interface with the FEA to study the failure
mechanisms observed in the tests. These criteria can be divided into three categories:
noninteractive (limit theories), partially interactive, and fully interactive theories. These
theories, their respective equations or criterion, and their categories are listed in Table 3.

Table 3. Failure criteria chosen for analysis in this work [1,11].

Theory Category Failure Criterion

Maximal stress Noninteractive σij < Fij

Maximal strain Noninteractive εij < εu
ij

Hashin–Rotem Partially interactive

|σ1|
F1

= 1(
σ2
F2

)2
+

(
τ4
F4

)2
+

(
τ6
F6

)2
= 1(

σ3
F3

)2
+

(
τ4
F4

)2
+

(
τ5
F5

)2
= 1

Tsai–Wu Fully interactive
f1σ1 + f2(σ2 + σ3) + f11σ2

1 + f22
(
σ2

2 + σ2
3
)

+ f44τ2
4

+ f66
(
τ2

5 + τ2
6
)
+ 2 f12(σ1σ2 + σ1σ3) + 2 f23σ2σ3

= 1

Hoffman Fully interactive Same as Tsai—Wu, coefficient definitions
differ.

Tsai–Hill Fully interactive
σ2

1−σ1σ2−σ1σ3

F2
1

+
σ2

2+σ2
3−σ2σ3

F2
2

+
τ2

4
F2

4

+
τ2

5 +τ2
6

F2
6

= 1

Limit theories have no explicit interaction between stresses or strains, i.e., failure is
predicted when a principal stress or strain reaches its limit. These criteria are expected to
have the largest error in predicting flexural strength. Partially interactive criteria consider
stress interactions, but have different criteria of failure. For example, Hashin–Rotem have
failure coefficients for fiber failure, matrix failure, and delamination. Whichever coefficient
is the largest of the three is considered to be the failure mode. Lastly, fully interactive
criteria allow for stress interactions in 3D loading. A single failure coefficient is calculated
from coupling terms and stresses, and no specific failure mode is predicted [1,12].

These criteria are selected because of their widely available documentation and ease
of implementation in ANSYS ACP. The criteria mentioned above are also included in
ACP for failure analysis. The inverse reserve factor is often used in place of the Tsai–
Wu/Tsai–Hill criterion coefficient, as its calculation is identical when using the respective
failure theories [12].
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2.4. Prediction of Flexural Strength

To compute nominal flexural strength on the basis of maximal normal stress on either
the top or bottom of a specimen, the following equation from the ASTM D7264 standard
is employed:

σf lex =
3PL
2bh2 (1)

where P is the load, L is the span length, b is the beam width, and h is the beam height.
This relationship is valid when failure occurs in a brittle manner, the laminate acts as a
homogeneous beam, and with a maximal fiber strain of 2% [2]. Here, P is directly calculated
using finite-element analysis (ANSYS), while the other parameters are as explained in
Section 2.1. Analysis employed a nonlinear elastic model with large deformations resulting
in a maximal strain of under 1.5%, as no progressive damage was considered. Equation (1)
was utilized to predict the flexural strength for the FEA.

2.5. Finite-Element Model
2.5.1. Geometry

A quarter symmetry model of the specimen is considered. In this model, thickness
remained the same, while width and length were divided in half. Similarly, rollers were cut
in half about the width. The rollers were also modeled to consider the effects of contact
stresses under the loading nose. The symmetry allows for reducing the computational cost
in the quarter-model geometry (Figure 2).

 

Figure 2. Quarter symmetry model geometry.

2.5.2. Domain Discretization (Meshing)

The pre-ACP mesh consists of two separate meshes, the sample mesh and the roller
mesh. The sample must be imported as a surface mesh because of ACP requirements.
Two-dimensional (2D) Quad4 and Tri3 elements are utilized for the surface mesh, with finer
mesh near the loading (0.5 mm element size) and coarser away from the loading (1 mm
element size), resulting in a mesh of 748 elements and 846 nodes. With ACP preprocessing,
the sizes are maintained, but elements become Hex8 and Wed6 elements. More elements
and nodes are used to capture the stress interactions with reasonable accuracy near the
loading nose where failure is expected. To improve contacts between the rollers and the
sample, equal-size elements are applied to both (i.e., support roller has a 1 mm element
size, and loading has a 0.5 mm size). Figure 3 shows the resultant mesh with the rollers
having Hex8 solid elements.

Additional preprocessing was performed in ANSYS ACP. A solid mesh was gener-
ated utilizing the surface mesh for element sizing. There were 20 elements through the
model’s thickness, one per ply, resulting in 14,960 elements and 17,766 nodes in the quarter
symmetry model. The complete mesh is shown in Figure 3.
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Figure 3. FEA mesh of (a) support roller, (b) sample, and (c) loading roller; (d) complete mesh with
sample and rollers.

2.5.3. Boundary Conditions and Contact Settings

Contacts were formulated between the sample and roller supports. Additionally,
the sample surface was split to limit the contact region accessible to the loading roller,
improving computational efficiency, as shown in Figure 4. A frictionless contact was
assigned at the support roller, while a no separation contact was assigned to the loading
roller. Both utilized a friction coefficient of 0, but the frictionless support was considered
to be nonlinear, as it allows for complete separation between the solids to occur. Some
slipping can occur while the sample is loaded. However, there must be no separation
between the roller and sample on the loading nose for a valid test. The assigned boundary
conditions are as shown in Figure 4.

 

Figure 4. Contact boundary conditions that were assigned in the model.

The symmetry condition imposes the need for frictionless supports at the “cut” sur-
faces. Frictionless support constraints motion normal to the plane while allowing for
motion in the two other principal directions (e.g., at the surface located in the XZ plane,
movement in the Y, and rotations about X and Z are constrained). A fixed support was
applied at the bottom of the support roller constraining all degrees of freedom at the roller.
Lastly, direct nodal displacement was applied at the top of the loading roller. Similar to the
fixed support, all degrees of freedom for the roller were constrained with the addition of an
imposed nodal displacement in the negative Z direction. The value for this displacement is
dynamically changed, such that the sample is loaded just until failure.
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With the above boundary conditions and contacts, the model was constrained in
certain degrees of freedom, allowing for the proper capture of the physics involved in the
3-point flexural (bending) test.

2.5.4. Solver and Postprocessing

The mechanical APDL solver was used in this study. An iterative solver was chosen
given the nonlinearity caused by the contact settings. Large deformations were not con-
sidered in the calculation of strains (e.g., infinite small strain tensor), and linear-elastic
material property (Hooke’s Law) was employed. This was assumed because high-strength
CFRP systems show brittle failure [13]. The model, due to the static structural formulation,
only considered first-ply failure (FPF); progressive damage was not considered. It was
expected that predicted strengths would be underestimated but still be within reasonable
accuracy of reported experimental results. The failure was considered to be brittle due to
low ultimate strains, corroborated by reported data [3–5].

Postprocessing was performed by both ANSYS Mechanical and ACP Post to estimate
stresses across the thickness at the failure point and a point further away from loading. The
latter point was used to obtain appropriate transverse shear stresses, as such stresses are
irregular near loading, likely due to crushing effects [14].

2.6. Model Verification with Shear Stresses in Beam Bending

The model was verified by observing trends (e.g., compressive stress at the top ply,
tensile stress at the bottom ply, as discussed in ASTM D7264) and employing analytical
formulas in beam bending in the small strain regime. Beam theory predicts a shear profile
as shown in Equation (2), for a point loaded beam with simple supports [15]:

τ =
3V
2bh

(1 − (
2y
h
)

2
) (2)

where V, b, h, and y, are the shear force, beam width, beam height, and the distance from
the neutral plane, respectively.

Using Bernoulli–Euler beam theory, the theoretical and numerical results were directly
compared. Figure 5 shows good agreement between the FEA and the Bernoulli–Euler
estimation. This agreement verifies the simulation. The slight difference can be attributed
to the effect of shear deformations neglected in Bernoulli–Euler theory [16].

Figure 5. Comparison of FEA-obtained shear to Bernoulli–Euler beam theory.

3. Results

Experimental and FEA strengths for three systems are summarized in Table 4. The
FEA results were compared with experimental values obtained from datasheets for tensile,
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compressive, and flexural strengths. The Tsai–Wu failure criterion was utilized to determine
stress at the onset of flexural failure. As mentioned earlier, all numerically obtained
strengths were conservative due to nonprogressive damage analysis. The flexural specimen
likely did not completely fail even if the Tsai–Wu index reached a value of 1 for a single
finite element.

Table 4. Summarized results for three chosen CFRP systems [3–5]. Values in red indicate nearest
proximity from flexural strength to either tensile or compressive strength of the material in the fiber
direction.

Composite System
(Fiber/Resin)

Tensile
Strength (MPa)

Compressive
Strength (MPa)

Flexural
Strength (MPa)

FEA-Flexural
Strength (MPa)

% Error between FEA
and Experiment

T700/Toray LM PAEK 2322 1226 1455 1367 −6.1
AS4/Hexcel 8552

Epoxy 2205 1530 1889 1717 −9.1

APC2/Solvay PEEK 2070 1360 2000 1725 −13.8

Tsai–Wu failure indices through the thickness the three systems are plotted in Figure 6.
Failure occurs for a Tsai–Wu index above 1. An interesting finding was the failure of
the Hexcel system in tension at the bottom ply, as opposed to the compressive failure
experienced by the other two CFRPs.

Figure 6. Plotted Tsai–Wu indices across thickness for three systems.

Stresses across the thickness near the loading location are plotted and shown in
Figure 7. Only stresses for the Toray system were plotted, as all analyzed systems showed
similar trends. Shear stresses τ23 and τ12 were not plotted, as their values were near zero
throughout the thickness, having negligible contribution to laminate failure.
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Figure 7. Normal and shear stresses across flexural specimen thickness.

4. Discussion

A key trend in all three systems was that their flexural strength was between their
tensile and compressive strengths. This implies that flexural failure occurs because of
combined modes instead of a single failure mode. Table 5 summarizes the maximal FEA
compressive stresses at the top ply under the loading nose, compared with the reported
limits, i.e., compressive strengths.

Table 5. FEA compressive stresses and compressive strengths for studied composite systems [3–5].

Compressive Strength (MPa) FEA Maximum Compressive Stress (MPa) Relative Difference (%)

Toray T700/LM PAEK 1226 1338 9.2

Solvay APC-2/PEEK 1360 1700 25

Hexcel AS4/8552 epoxy 1530 1690 10.5

The Tsai–Wu criterion showed the closest results to experimental data. With compres-
sive interactions occurring at the top ply between σ1 and σ2 due to Poisson’s effect, the
effective stress limit was expanded [1]. Terms from the Tsai–Wu failure criterion are further
explored in Table 6 for each analyzed system. Terms in bold font are those contributing to
the enhanced load-bearing capacity of the samples.

Table 6. Tsai–Wu index components for three analyzed systems. Bold terms contribute to the
enhanced load-bearing capacity of the systems.

Toray T700/PAEK Hexcel AS4/8552 Solvay APC2/PEEK

σ1 (MPa) −1338 1706 −1700

σ2 (MPa) −41 35 −50

τ12 (MPa) 0.6 −0.9 0.9

F1σ1 0.603 −0.325 0.440

F2σ2 −0.225 0.452 −0.285

F11σ1
2 0.687 0.947 1.061

F22σ2
2 0.135 0.156 0.145

F66τ12
2 0.000 0.000 0.000

−√
F11F22σ1σ2 −0.197 −0.225 −0.347

Total 1.003 1.005 1.014
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The Hexcel system, which fails in a tensile combined mode, had the highest reported
compressive strength across the considered composite systems. Daniel and Ishai showed
that, for similar stress interactions in combined loading, compressive load-bearing capa-
bilities are much better than the tensile capabilities for a similar AS4 system, which could
explain the tensile failure obtained by the FEA with the Hexcel AS4 system [1].

Lastly, the flexural finite-element model underpredicted flexural strength across all
systems. This could be due to static structural analysis and no progressive damage being
considered. The model effectively predicts a first ply failure (FPF), while an ultimate ply
failure (UPF) prediction would likely return more accurate results. Nonetheless, the FPF
returned values with reasonable accuracy at a lower computational cost to a UPF model.

Error in the prediction of failure consistently increases as flexural strength approaches
its tensile strength. This could stem from an increased need for a UPF model, as brittleness
could be less pronounced from a tensile failure due to crack propagation. As the system
progresses through cracking, large rotations may occur, which in turn can induce significant
membrane resultant forces. Equation (1) may not be a valued estimation in such a case,
and a more complex theory of beams would be needed (e.g., geometrically exact beam
theory) [17]. Lastly, both Hexcel and Solvay systems did not have centralized test data
containing all strengths necessary for utilizing the Tsai–Wu criterion and reported flexural
strength. Though the resin contents were nearly identical, a possible source of error stems
from using mixed test data.

Though the Tsai–Wu failure criterion was chosen due to its fully interactive nature,
other failure criteria were also explored. Numerical trends were similar for all systems, and
thus only the data for the Toray system are summarized in Table 7. The Tsai–Wu index
is provided, and safety factors for other criteria and their respective predicted flexural
strength are included.

Table 7. Summary of results from different failure criteria—Toray system.

Failure Criteria FEA-Predicted Strength (MPa) Error (%)

Tsai–Wu 1366.6 −6.06

Max strain 1257.3 −13.58

Max stress 1243.6 −14.52

Tsai–Hill 1243.6 −14.52

Hoffman 1352.9 −7.00

Hashin 1243.6 −14.52

The Tsai–Wu failure criterion predicted the strength most accurately from all failure
criteria. Hoffman also predicted good results since it is fully interactive, with minor
differences from the Tsai–Wu criterion. Partially interactive criterion Hashin had among
the lowest predicted accuracy values, likely because of its lack of interaction between the
fiber and transverse direction stresses. Noninteractive criteria (max stress, max strain) also
underpredicted the flexural strength. Max strain exhibited marginally better performance,
as its formulation allows for some Poisson effects in combined loading.

Tsai–Wu and Hoffman predicted failure at the bottom for the Hexcel system, while the
other systems predicted a compressive failure occurring in the top ply. This likely stemmed
from the lack of interaction and combined loading strength expansion.

5. Conclusions

Different failure criteria were evaluated for their ability to accurately predict failure
stemming from combined stresses in a flexural test finite-element model. The model rea-
sonably predicted flexural strength values for three different CFRP systems with different
characteristics: one with flexural strength close to its tensile strength, another one with
flexural strength close to its compressive strength, and the last one with flexural strength
between its tensile and compressive strengths. There was an apparent discrepancy in
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the maximal compressive stress experienced by the three systems and their respective
compressive strengths. This difference is explained by Poisson’s effect, causing stress in
the in-plane transverse direction. The Tsai–Wu criterion requires many coupling terms.
Therefore, comprehensive test data are necessary to interface with the model, including
out-of-plane strengths. Such tests can be challenging and costly to perform. Some strength
estimations are available, though they introduce additional errors [1] (pp. 116,120–122).
The FEM consistently underpredicted strength due to modeling the first ply failure in-
stead of the ultimate ply failure. As progressive damage is not considered, strengths are
underestimated for systems that have extensive crack propagation before failure.
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Abstract: Hybridization of carbon fiber composites can increase the material damping of composite
parts. However, there is little research on a direct comparison of different fiber materials—particularly
for carbon fiber intraply-hybrid composites. Hence, the mechanical- and damping properties of
different carbon fiber intraply hybrids are analyzed in this paper. Quasi unidirectional fabrics made
of carbon, aramid, Vectran and cellulose fibers are produced, and their mechanical properties are
analyzed. The material tests show an increased material damping due to the use of Vectran and
aramid fibers, with a simultaneous reduction in strength and stiffness.

Keywords: composite; hybrid composite; damping; intraply hybrid; carbon fiber

1. Introduction

Vibrations have a harmful effect on the human body. In the field of occupational safety,
attention has been drawn to the topic for a long time. However, harmful vibrations also
occur in recreational activities when using sports equipment. This also includes bicycles,
the use of which can lead to potentially harmful vibrations for the user [1]. Carbon fiber
reinforced composites are a popular material for the construction of bicycles due to their
excellent lightweight properties. Vibrations are transmitted to the cyclists via composite
components but can be reduced by increasing the material damping of the composites.
Material damping causes a conversion of vibrational energy into (mostly) thermal energy
by internal friction [2].

The material damping of composites is determined by the damping of the matrix
and the fibers, as well as their arrangement, connection and interphase [3]. The matrix
has a greater influence on the damping of the composite than the fibers [4]. Nonetheless,
many applications do not allow for a change in matrix material or change of the interphase
between fibers and matrix. An increase in damping can therefore only be achieved by
the fibers. This requires a change in fiber type [3], fiber orientation, respectively, laminate
construction [5–7] or fiber volume content [8].

In particular, the use of fiber types with high inherent self-damping offers great
potential for increasing the material damping of carbon fiber composites. Yet, the fibers in
question have too little stiffness or strength to produce a lightweight composite consisting
entirely out of high damping fibers. This problem can be addressed by hybridization:
ordinary reinforcing fibers (e.g., carbon fibers) are combined with fibers with high self-
damping within a composite.

A hybrid composite consists of two or more different types of fibers. A distinction is
made between hybridization on the laminate level (interply), on the roving level (intraply)
or on the filament level (intrayarn), the schematic structure is shown in Figure 1 [9]. In
addition, mixed forms of the above-mentioned hybridization types are possible. The aim of
hybridization is to improve certain properties (e.g., increased damping) disproportionately
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to the loss of other properties (e.g., decreased stiffness) [10], which is referred to as positive
synergy effects.

Non-hybrid IntraplyInterply Intrafiber

Fiber type A Fiber type B Intermingeld fiber

Figure 1. Hybridization types of composites in comparison.

A main characteristic of hybridization is the dispersion of the different fiber types; the
higher the dispersion, the higher the synergy effects achieved [11]. The dispersion depends
largely on the type of hybridization used, but can also be influenced by the fiber diameter
or the ply thickness [12,13]. For a given lay-up and fiber diameter, the best dispersion is
achieved by an intrafiber hybrid. Interply hybridization offers the lowest dispersion, while
intraply is a good trade-off between Intrayarn and interply hybrids [10,14].

The main focus of research in the field of hybrid composites has been on the following
areas: Increasing the elongation at break or creating a pseudo ductile fracture behavior [12,15,16],
improving static strength [17] and fatigue strength [18–20], cost reduction through the integration
of low-cost fiber types [21] and improvements in impact properties [14,22–24]. There is compara-
tively less research activity in the area of damping enhancement through hybridization [25]. In
this context, the most research results were reported on investigations of the damping properties
of natural fiber hybrid composites:

Ashtworth et al. demonstrated an increase in damping by using jute fibers in an
interply hybrid with carbon fibers [26]. Assarar et al. and Guen et al. achieved an
increase in damping using a flax-carbon interply hybrid [27,28]. Other authors showed an
increase in damping by hybridizing glass fiber laminates with flax fibers [29,30] or kenaf
fibers [31]. Although natural fibers allow an increase in material damping, they also have
central deficits that make their use in high-performance composites—such as bicycles—
unattractive. In particular, the inconsistent fiber properties and the absorption of the resin
are major deficits [32]. Synthetic fibers with good damping properties could overcome the
disadvantages of natural fibers. However, there is very little research activity on increasing
the damping of hybrid (carbon fiber) composites using synthetic fibers. Especially the
increase of material damping by intraply hybridization has been investigated very little.
The increase of material damping by using certain synthetic fibers have been shown by
different authors, although not within the context of hybrid composites: Studies showed an
increase in damping by using aramid fibers [33] and cellulose fibers [34]. Liquid crystalline
polymer (LCP) materials are also known for their good damping properties [35]. Therefor
the scope of this work is to investigate the manufacturability and mechanical properties
of intraply hybrid composites made of carbon and synthetic fibers. The aim is to use the
novel hybrid composites as a material for the manufacture of bicycle components in order
to reduce the vibration load on the human body.

2. Materials and Methods

2.1. Materials

Three different unidirectional hybrids and a non-hybrid reference made from carbon
fibers were investigated. The investigations commenced with the production of quasi unidi-
rectional fabrics, which were further processed into composites using the vacuum infusion
process. An intraply level hybridization was chosen, as this allows a good compromise
between dispersion and efficient and economical production. The fabrics were produced
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on a weaving machine. As shown in Figure 2 all reinforcing fibers were oriented in warp
direction and connected in weft direction by a 10 tex polyester fiber.

Fiber type A
(Carbon, 200 tex)

Fiber type B
(Cellulose or Aramid or
Vectran, 161-184 tex )

Weft fiber
(10 tex Polyester)

Figure 2. Construction of unidirectional hybrid textiles.

The weft thread only serves as a fixation of the warp threads and leads to very low
ondulations, which are not comparable to the ondulations of a classical woven fabric.
Therefore, the final product is a fabric with a unidirectional (UD) arrangement of the
reinforcing fibers. The hybrid fabrics produced each consist of two types of fibers: on
the one hand, carbon fibers to generate strength and stiffness and, on the other hand,
functional fibers to generate the damping effect. The functional fibers investigated are
aramid, cellulose and fibers made of liquid crystalline polymer (LCP) (Vectran®). The
properties of the fibers are shown in Table 1.

Table 1. Properties of the fibers used.

Material
Manufacturer
and Product

Name
Density [g/cm3]

Tensile
Modulus [GPa]

Tensile
Strength [MPa]

Carbon Teijin HTS 45 1.76 245 4500

Aramid Teijin Twaron®

2200
1.45 100 2240

LCP/Vectran Kuraray
Vectran® HTME 1.4 75 3200

Cellulose Cordenka 700 1.5 14.4 778

The design of the UD-fabric was based on HTS 45 type carbon fibers with a fineness
of 200 tex. The fineness of the functional fibers was selected in such a way that (ideally) a
ratio of 50 volume% carbon fiber to 50 volume% functional fibers is achieved in the hybrid
UD fabric. This ensures the best possible dispersion under the given boundary conditions
(fineness of the carbon fibers). The properties of the UD fabrics are shown in Table 2.

The different fiber types were arranged in warp direction according to the following
pattern: A, B, A, B, A, . . . . A plain weave was used, with one weft thread per centimeter
of warp length. The low weft density resulted in an ondulation of the fabric in the weft
direction. This does not influence the properties in fiber direction, respectively, warp
direction—in warp direction the fibers are parallel and unidirectional. Figure 3 shows the
UD-fabrics produced.
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Table 2. Properties of the dry UD-fabrics.

Textile
Name

Fiber A Fiber B
Volume
Content

Fiber A [%]

Volume
Content

Fiber B [%]

Arial Weight
[g/m2]

CaCa Carbon Carbon 50 50 200

CaAr Carbon Aramid 50.4 49.6 180

CaVe Carbon Vectran 48.8 51.2 185

CaCe Carbon Cellulose 48.1 51.9 192

Carbon Cellulose-Carbon Vectran-Carbon Aramid-Carbon

1 cm

W
ar

p 
di

re
ct

io
n

Figure 3. Hybrid and non-hybrid UD-fabrics produced.

The UD fabrics were then used to make composite panels using a vacuum infusion
process. An epoxy thermoset resin of the type of Hexion RIM R426/RIM H35 was used.
For the tensile and damping tests, plates were made from five layers of each hybrid fabric
type, while the bending test specimens were made from nine layers of each UD fabric
type. All layers were arranged in the 0◦ direction. After the infusion, the plates were
tempered at 80 ◦C for two hours, followed by the final cutting of the test specimens. Table 3
shows the properties of the composite specimens for tensile and damping testing. The
density was calculated from the specimen size and weight. The fiber volume content
was calculated from the layup, the size of the composite plates and the densities of the
individual components.

Table 3. Properties of specimens for tensile and damping testing.

Composite
Name

Layup Density [g/cm3] Thickness [mm]
Fiber Volume

Content [Vol%]

Carbon 5 × [CaCa0◦ ] 1.41 1.28 47

Aramid-Carbon 5 × [CaAr0◦ ] 1.33 1.36 49

Vectran-Carbon 5 × [CaVe0◦ ] 1.24 1.38 46

Cellulose-
Carbon 5 × [CaCe0◦ ] 1.35 1.35 46

For quality control of the manufacturing process, interlaminar shear strength (ILSS)
tests were carried out, which showed a low interlaminar strength of samples made of
Vectran-Carbon UD-fabrics. The Vectran-Carbon fabrics were therefor plasma treated,
to improve the surface properties of the Vectran fibers regarding the adhesion of the
epoxy matrix.

2.2. Methods

The material properties of the composites were determined by tensile-, flexural- and
damping tests. The tensile tests were carried out in accordance with DIN EN ISO 527-5,
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with tabs were attached to the specimens. The elongation was measured using a video
extensometer. Only plasma-treated Vectran-Carbon hybrids were used in the tensile tests.
Test specimens for tensile tests were 250 mm long, 20 mm wide and approximately one
millimeter thick.

The flexural tests were carried out in accordance with DIN EN ISO 14125. The dimen-
sions were length = 100 mm, width = 15 mm, and thickness = 2.1 mm to 2.6 mm (depending
on the fabric type). The distance between the supports was 91 mm. ILSS tests were carried
out according to DIN EN ISO 14130, but were only used for quality control, hence the
results are not discussed in further detail.

The material damping was measured via the logarithmic decrement (Λ), which is
determined from the step response of a cantilever beam in free-fixed configuration. The log-
arithmic decrement is defined as the ratio of the amplitudes (y) of two adjacent amplitudes
of a damped oscillation (see Equation (1)).

Λ = ln
yi

yi+1
(1)

The determination was carried out on an apparatus as shown in Figure 4 that is
based on the development of Romano [36]. The specimens are firmly clamped at one end,
while the opposite side is freely movable. The specimens are excited to vibrate by a single
deflection and then oscillate at the natural frequency of the vibration system. The deflection
is caused by a cam, which is operated by a hand lever and always deflects the specimen
by the same distance. The (decaying) vibration amplitude and period duration are then
recorded using a laser distance sensor and evaluated in MATLAB®.

time

di
sp

la
ce

m
en

t

yi

yi+1
laser distance senor

specimen pointed cam for
deflecting the specimen

distance-time signal

Figure 4. Apparatus for measuring material damping.

The damping was determined in the direction of the fibers. Since the vibration response
(and thus also the determined damping) depends to a large extent on the stiffness of the
beams, all samples were tested with the same spring stiffness. By changing the free length,
the spring stiffness of the specimen is changed. The spring stiffness is based on the material
stiffness, the free length and the test specimen cross-section. It can be easily determined by
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Equation (2), with the spring stiffness (c), the acting force (F) and the resulting maximum
deflection (s).

c = F/s (2)

To adjust the spring stiffness, the free ends of the test specimens were weighted
with a (constant) weight and the free length was changed until a deflection of 10.4 mm
was achieved.

3. Results and Discussion

All results presented below are found to be significantly different (alpha = 5%). All
error bars describe the extent of one standard deviation of the respective test. Seven test
specimens were tested per test series.

3.1. Strength

The following Figure 5 shows the tensile strength and flexural strength of the compos-
ite specimens in fiber direction. In the following assessment, the specimens are referred to
by the types of fibers used, e.g., Carbon refers to composite specimens made from a plain
carbon fabric, Vectran-Carbon refers to specimens made from a hybrid vectran-carbon fabric.
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Figure 5. Strength in tensile and flexural direction.

Carbon shows the highest tensile- and flexural strength, Cellulose-Carbon the lowest.
The tensile strengths of the composite specimens correlates with the tensile strengths of the
individual fibers (see Table 1). The results for the tensile strength compared to the flexural
strength show a different material behavior in relation to aramid- and (plasma treated)
Vectran fibers.

Vectran-Carbon has the second highest tensile strength but only the third highest
flexural strength, while Aramid-Carbon has the third highest tensile strength and the
second highest flexural strength. These differences are particularly evident in Vectran-
Carbon, which has a 25% lower tensile strength than Carbon but a 44% lower flexural
strength. This material behavior could be an indication of a reduced compressive strength
of the Vectran fibers or—despite plasma treatment—a low fiber-matrix adhesion of the
Vectran fibers.
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The fracture behavior in the comparison between tensile- and flexural-tests is consis-
tent. Carbon and Cellulose-Carbon samples break brittle. Whereas Aramid-Carbon and
Vectran-Carbon have a certain residual strength, as the majority of the aramid- or Vectran
fibers are still intact after the failure of the specimen. Figure 6 shows the stress-displacement
curve of representative specimens of each material during flexural tests.
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Figure 6. Fracture behavior under flexural loading.

The brittle failure of Carbon and Cellulose-Carbon is evident. After reaching the
maximum stress, the whole specimen breaks suddenly and brittle. In the case of Vectran-
Carbon and Aramid-Carbon, the carbon fibers break first when the maximum force is
reached. The Vectran or aramid fibers, however, do not break yet due to their higher
elongation at break and allow the composite to retain a certain residual strength.

3.2. Surface Treament of Vectran Fibers

Plasma treatment of Vectran fibers has produced a significant improvement in fiber-
matrix adhesion. This is shown by the result of the bending strength of Vectran-Carbon
vs. Vectran(-Carbon) without plasma; the use of plasma treatment improved the bend-
ing strength by 35%. A comparison of computer tomography (CT) scans supports this
thesis. Figure 7 shows CT scans in the thickness direction of the bending test specimens
made of (plasma) treated and untreated Vectran-Carbon in comparison to specimens from
Carbon textiles.

4 mm

Vectran-Carbon with
plasma treatment

Vectran-Carbon without
plasma treatment

Insufficient wetting of the fibers

Carbon (without plasma
treatment)

Figure 7. CT scans of Vectran-Carbon composite and Carbon composites.

Untreated Vectran-Carbon shows non-impregnated areas. Whereas plasma-treated
Vectran-Carbon shows an impregnation comparable to that of Carbon.
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3.3. Stiffness

The following Figure 8 shows the tensile moduli in fiber direction of the different
hybrids and the Carbon reference.
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Figure 8. Tensile modulus in fiber direction.

A Carbon reinforcement leads to the highest stiffness, Cellulose-Carbon to the lowest.
The tensile moduli of the composites also show a correlation with the moduli of the
individual fibers.

3.4. Damping

The logarithmic decrement of the different samples—with the same spring stiffness—is
shown below in Figure 9.
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Figure 9. Logarithmic decrement with the same spring stiffness.

Specimens from Vectran-Carbon archive significantly higher damping than the Car-
bon reference. Aramid-Carbon and Cellulose-Carbon achieve similar values to Carbon.
Whereby the damping of Aramid-Carbon is slightly higher than that of Carbon, while the
damping of Cellulose-Carbon is slightly smaller than that of Carbon. To achieve the same
spring stiffness (162 N/m), the tests were carried out at the free lengths as displayed in
Table 4.
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Table 4. Free length and damped natural frequency.

Material Free Length [mm] Frequency [Hz]

Aramid-Carbon 161 52

Carbon 164 53

Cellulose-Carbon 145 56

Vectran-Carbon 149 59

3.5. Density Specific Properties

The hybridization results in a reduction in the strength and stiffness of the composite,
but at the same time also in a lower density of the overall composite compared to Carbon.
Since the composites investigated are used for lightweight applications, the density must
also be considered; the lower the density, the more of a material can be used. Through
a density-specific consideration of the strength and stiffness, the decrease in strength
and stiffness is less pronounced. Figure 10 shows the comparison between absolute and
(density-) specific properties of the investigated materials. The area of the circles represents
the amount of material damping. All data has been normalized to the respective properties
of Carbon and is therefore given as a percentage.
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Figure 10. Effect of density on stiffness, strength and damping in fiber direction.

The specific consideration of strength, stiffness and damping reduces the difference
between Carbon and the hybrid composites. The lower the density, the more pronounced
the effect. By using hybrid composites, the damping can be increased over-proportionally
to the loss of the mechanical properties.
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3.6. Discussion of Mechanical Properties

The reason for the low strength of hybrid composites compared to carbon composites
lies in the different stiffnesses and elongations at break of the individual fiber materials.
The strength of the composites is dominated by carbon fibers, as these carry the higher load
due to their high stiffness. Vectran-Carbon and Aramid-Carbon exhibit the same behavior:
When subjected to a load, the carbon fibers and the aramid or Vectran fibers are elongated
by the same amount. With increasing elongation, the tensile strength of the carbon fibers is
exceeded first before the tensile strength of the Vectran or aramid fibers is reached. The
reason for this is the lower stiffness and higher elongation at break of the Vectran or aramid
fibers. The carbon fibers therefore fail first, with the result that the applied loads are now
carried by the Vectran or aramid fibers. Due to the lower stiffness of the aramid and
Vectran fibers, a drop in stress occurs in the specimens (see Figure 6). The specimens can be
elongated even further until total failure. Overall, the Vectran-Carbon and Aramid-Carbon
specimens achieve a higher elongation at break than the carbon specimens. However, the
absolute tensile strength of the hybrid composite is lower than that of the pure carbon
specimens since the hybrid specimens contain fewer—load bearing—carbon fibers overall.

The same behavior should theoretically apply to the Cellulose-Carbon specimens as
the cellulose fibers have a very low stiffness as well as a very elongation at break. At the
strain that leads to failure of the carbon fibers, stress in the cellulose fibers is still very much
below their tensile strength. After the failure of the carbon fibers, there should be a stress
drop in the specimen and the specimen should subsequently still have residual strength
until failure. However, this is not the case, as the Cellulose-Carbon specimens fail brittly.
The reason for this could be the interaction between the control of the testing machine and
the strength difference between carbon and cellulose fibers. When the carbon fibers break,
the testing machine must adjust the (displacement controlled) drive within a very short
time in order to keep the strain rate of the specimen constant. Presumably, the machine’s
control system is not fast enough, so that the cellulose fibers experience a very high load
and the specimen fails. Macroscopically, this results in a brittle fracture behavior of the
cellulose-carbon samples.

The stiffness of the hybrid composites can be modeled as a good approximation as
springs with different stiffnesses connected in parallel. The composite stiffness of the
hybrid specimens follows very closely the mixing ratio (see Table 2) between carbon and
functional fibers. The respective fiber type contributes proportionally to its amount and its
fiber Young’s modulus to the total stiffness of the composite. The calculation according to
the rule of mixture showed a total fiber volume content of 42%. The fiber volume content
calculated in this way is lower than the fiber volume content calculated using the aerial
weight of the textile layers (see Table 3), since in the latter case imperfections and voids are
not considered.

The changes in the material damping of the hybrid composites can be attributed to the
use of the additional fiber types, since both the matrix and the manufacturing and testing
conditions were kept constant. As the damping was measured at small deformations,
damage and viscoplastic material behavior can be excluded as the cause of the damping.
The damping is based on the viscoelastic properties of the functional fibers [4]. From
the results it can be concluded that Vectran and aramid fibers have a more pronounced
viscoelastic material behavior than cellulose and carbon fibers. As a result, the damping is
increased through the integration of aramid and Vectran fibers.

4. Conclusions

Intraply hybridization of carbon fibers with Vectran fibers increases the material
damping by up to 60% compared to samples made of pure carbon fibers. Hybridization
with aramid fibers results in a small increase in damping, hybridization with cellulose
fibers results in a decrease in damping compared to specimens from pure carbon fibers.

However, hybridization also leads to reduced stiffness and strength compared to a
reference from pure carbon fiber: Aramid-Carbon shows the highest flexural strength of all
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hybrids, Aramid-Vectran the highest tensile strength. The tensile modulus of the hybrid
composites is also lower than that of the non-hybrid carbon fiber reference. On the other
hand, a density-specific consideration of the strength and stiffness reduces the difference
between the hybrid composites and the non-hybrid carbon fiber reference. Vectran-Carbon
in particular shows promising results. If the hybrid laminates are only used at selected
locations in a laminate, e.g., areas with high shear [37], bicycle components can be realized
with a minimal increase in weight but significantly increased material damping.
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