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Editorial

Manufacturing of Fibrous Composites for Engineering
Applications

Jinyang Xu

State Key Laboratory of Mechanical System and Vibration, School of Mechanical Engineering,
Shanghai Jiao Tong University, Shanghai 200240, China; xujinyang@sjtu.edu.cn

Fibrous composites are advanced engineering materials featuring the impregnation
of fiber phase with a polymer matrix base to yield enhanced properties. They can be
categorized in terms of the fiber type, such as aramid-fiber-reinforced polymer (AFRP),
carbon-fiber-reinforced polymer (CFRP), glass-fiber-reinforced polymer (GFRP), Kevlar-
fiber-reinforced polymer (KFRP), etc. They can also be classified into continuous and
discontinuous fiber composites. In general, discontinuous fiber composites show better
isotropic behavior than continuous fiber composites, as short fibers can enhance the matrix
in every direction [1]. The fibrous composites are often fabricated with a polymer matrix,
which can be either thermoset polymers or thermoplastic polymers. The thermoset poly-
mers have the property of becoming permanently hard and rigid when heated or cured.
The thermoplastic polymers entail the linear chain of the molecular structures; thus, they
can be recycled and reused when heated [2–4].

Since fibrous composites show higher specific mechanical and physical properties than
conventional alloys and steels [1,5], they are very attractive in modern aerospace indus-
tries [6–9]. For instance, CFRP composites are often employed in the aircraft wing boxes,
horizontal and vertical stabilizers, and wing panels [10]. GFRP composites are mainly
used in the fairings, storage room doors, landing gear doors, and passenger compart-
ments [10,11]. Reports indicate that most international aircraft manufacturers, including
Airbus and Boeing, are seeking the use of fibrous composites to fabricate large load-carrying
structures favoring the energy saving of new-generation airplanes. Despite the net shapes
of molded fibrous composites, secondary manufacturing operations are still required to
create the target shapes and desired quality [8,9,12,13]. However, fibrous composites are
extremely difficult to machine, as they possess rather poor machinability compared to
conventional alloys and steels. The term “machinability” signifies the degree of difficulty of
cutting a workpiece material with qualified quality. The poor machinability of fibrous com-
posites may arise from the inherent anisotropic behaviors of the fiber/matrix system and
the heterogeneous architecture of the composites. The most-used machining operations for
shaping fibrous composites mainly include trimming, turning, milling, and drilling. Since
the reinforcing fibers and the matrix base show completely different properties, machining
of these composites has posed huge challenges to the current manufacturing community.
The specific issues associated with the cutting of fibrous composites are difficult chip
removal, poor surface quality, and rapid tool wear.

Chip separation mode is a critical procedure determining the eventual cutting re-
sponses of workpiece materials. However, the cutting mechanisms of fibrous composites
are much complicated than those of conventional metallic alloys, as the composite sep-
aration modes are fiber-orientation dependent. Many studies have attributed the fiber-
orientation-dependent chip removal to the effects of the fiber layup on the properties of
chips under specific cutting loads. Consequently, producing consistent surface finish of
cut composites is very challenging. The fundamental chip removal modes encountered in
composite machining mainly include shear-induced fracture, bending-induced fracture,
and fiber/matrix interfacial debonding, depending significantly on the varying fiber cutting
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angle [14–16]. Additionally, cutting forces and machining temperatures are also firmly
related to the variation of the fiber cutting angle during the machining of fibrous compos-
ites. Normally, lower magnitudes of cutting forces/temperatures can be produced under
the along fiber cutting relation, in which the fiber cutting angle is acute. In contrast, chip
separation occurring under the against fiber cutting relation is often considered unfavorable
for producing desired surface quality for fibrous composites. Therefore, selecting a proper
fiber-cutting angle plays a crucial role in the high-quality machining of fibrous composites.

Poor surface quality is another critical issue associated with fibrous composite ma-
chining. Since the removal mechanisms of fibers and matrix are different and change
continuously with the fiber layup, even under the action of the identical cutting edges,
serious defects involving delamination, burrs, tearing, surface cavities, and glass transi-
tion failure easily occur, which can greatly deteriorate the quality of machined composite
parts [17]. Additionally, the aforementioned damage not only reduces the surface finish and
assembly tolerance, but also affects the fatigue strength of cut holes, accounting for a large
proportion of part rejections [18–21]. Moreover, delamination and tearing are often noted as
the most critical failures of fibrous composites, and should be carefully suppressed during
the machining operations as they cannot be repaired once they occur. Functionally designed
special tools are feasible for minimizing the generation of various cutting-induced dam-
ages for fibrous composites. The use of optimized cutting parameters can also benefit the
improvement of the surface quality of cut fibrous composites. To deal with cutting-induced
damages, future endeavours must optimize the process parameters, develop functional
cutting tools and use advanced machining techniques for fibrous composites.

Rapid tool wear is a crucial issue when cutting fibrous composites, as hard fibers
induce severe abrasions/modifications onto the tool surfaces and lead to the blunting of
tool edges. The primary wear mode frequently encountered in the machining of fibrous
composites is abrasion wear in the form of cutting-edge rounding (CER) [22–25]. Addition-
ally, CER has become a significant indicator for the assessment of tool wear, particularly for
drilling fibrous composites, which provides a more accurate quantification than the conven-
tionally used wear-width indicator [1]. As the composite chips are often separated within a
small tool–chip interface, crater wear shows no ability to take place. Progressive abrasion
wear often results in undesired consequences when machining fibrous composites, such as
increased cutting forces, excessive machining temperatures, deteriorated surface quality,
and reduced tool life. Moreover, the dominant tool failure in machining fibrous composites
is edge chipping or coating peeling during the chip removal process. Developing superior
tool coating materials and optimizing tool geometries would be a feasible solution to the
tool wear issues for fibrous composites.

In the end, with the rapid development of manufacturing technologies, various types
of advanced machining methods have been developed in recent years, providing new
prospects for achieving damage-free machining of fibrous composites. For instance, helical
milling, variable feed drilling, and ultrasonic vibration-assisted machining have emerged
and have been extensively used in the machining of fibrous composites, which yield
outstanding performances in suppressing cutting-induced damages. Moreover, intelligent
manufacturing technology, which has become a hot research focus in both academia and
industry, can be applied to composites machining to realize the in-situ detection and
high-precision control of online machining status. Then, high-efficiency and high-quality
machining of fibrous composites can be accomplished.
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A Review on the Fabrication and Mechanical Characterization
of Fibrous Composites for Engineering Applications
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Abstract: This review focuses on the fabrication and mechanical characterization of fibrous compos-
ites for engineering applications. Fibrous composites are materials composed of two or more distinct
phases, with fibers embedded in a matrix. The properties of these materials depend on the properties
of both the fibers and the matrix, as well as the way they are combined and fabricated. The various
fabrication methods, along with the process parameters, used to manufacture synthetic and natural
fibrous composites for engineering applications, including hand lay-up, compression molding, resin
transfer molding, additive manufacturing, etc., are discussed. The mechanical characterization of
fibrous composites, including their strength, stiffness, and toughness of both synthetic and natural
fibrous composites are discussed. The advantages and disadvantages of fiber reinforcement are
discussed, along with their influence on the resulting mechanical characteristics of the composites. It
can be observed that the mechanical properties of fibrous composites can be tailored by controlling
various factors, such as the fiber orientation, fiber volume fraction, and matrix type. Although fibrous
composites offer significant advantages, several challenges hinder their widespread use in engineer-
ing applications. These challenges include high manufacturing costs, limited design guidelines, and
difficulties in predicting their mechanical behavior under various loading conditions. Therefore,
despite their unique properties, these challenges must be overcome for fibrous composites to realize
their full potential as high-performance materials.

Keywords: FRPC; manufacturing techniques; additive manufacturing; mechanical characterization

1. Introduction

Fibrous composites are a highly valued group of materials due to their exceptional
mechanical characteristics, lightness, and versatility in various engineering applications.
These materials possess anisotropic qualities, meaning that their properties vary based
on the direction of loading. Fibrous composites are fabricated by combining two or more
materials, which include matrix and reinforcing fibers, which possess varying mechanical
properties. The matrix material serves to connect the fibers and transfer loads between
them, while the fibers offer strength and stiffness to the composite. Various materials, such
as glass, carbon, aramid, and natural fibers, can be used as reinforcements in composite
fabrication [1–5]. Fibrous composites offer a significant advantage in terms of their high
strength-to-weight ratio, making them highly desirable for applications where weight
reduction is very crucial. The aerospace industry, for instance, has extensively utilized
carbon fiber reinforced polymer (CFRP) composites for their exceptional strength and
stiffness properties [6,7]. According to Khan et al. [8] using CFRP composites in aircraft
wings resulted in a 15% decrease in weight and a 30% improvement in fuel efficiency in
comparison to conventional metallic materials. Besides the aerospace sector, the automotive
industry has also made extensive use of fibrous composites to reduce weight and enhance
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fuel efficiency. The lightweight and high-strength properties of fibrous composites make
them appealing for use in sporting goods applications. The use of CFRP composites in
bicycle frames resulted in a 30% weight reduction and a 20% increase in stiffness compared
to traditional aluminum frames [9]. Kim et al. [10] examined the application of glass fiber
reinforced polymer (GFRP) composites for automotive door inner panels and concluded
that these composites resulted in a 36% reduction in weight relative to traditional steel
panels, without any compromise in mechanical properties. Stepanova and Korzhikova-
Vlakh [11] investigated the use of cellulose nanofibers to reinforce polylactic acid (PLA)
composites and found that the resulting composites exhibited improved tensile strength and
modulus. Researchers are currently exploring new methods for enhancing the properties
of fibrous composites.

Despite their benefits, the cost of fibrous composites remains high, limiting their use in
some applications. Furthermore, these materials can be damaged by impact or other forms
of loading, which can decrease their reliability and durability over time. Fibrous composites
can be fabricated by employing different techniques, such as hand lay-up (HL), filament
winding (FW), pultrusion, resin transfer molding (RTM), and additive manufacturing (AM),
each having their own benefits and drawbacks. The choice of technique depends on the
desired properties of the composite material. Various investigations have been performed
on the fabrication of fibrous composites to enhance their mechanical properties and reduce
the cost of production. Some studies have explored the usage of flax and jute fibers as
a cost-effective and sustainable alternative to synthetic fibers [12,13], while others have
looked at improving the bonding between the matrix and fibers to enhance the mechanical
performance of the composite material [14].

The mechanical characterization of fibrous composites is critical for evaluating their
performance and potential use in engineering applications. Mechanical characterization
involves the measurement and analysis of the properties, such as strength, stiffness, tough-
ness, and fatigue resistance [15,16]. Understanding this behavior is necessary to access
and optimize the performances of fibrous composites under different loading conditions.
Various techniques are used to evaluate the mechanical performance of fibrous composites,
including tensile, compressive, shear, and bending tests. These tests are usually performed
under varying loads to determine the mechanical characteristics of composites in different
directions. Additionally, non-destructive assessment techniques, for example ultrasonic
testing, X-ray tomography, and thermography, have also been developed to assess the
defects and internal structure of composites. Extensive research has been carried out to
address the challenges for improving the performance of fibrous composites and their
applications. While several detailed reviews are available on CFRP composites, GFRP com-
posites, or natural fiber-reinforced polymer (NFRP) composites, no single review covers all
types of fibrous composites and their detailed fabrication processes. Therefore, this paper
presents a comprehensive review of the manufacturing techniques of fibrous composites,
including a mechanical characterization and factors influencing mechanical properties.

2. Fabrication Methods of Fibrous Composites

The fabrication of fiber-reinforced polymer composites (FRPCs) is a complex phe-
nomenon and includes several techniques. FRPC fabrication techniques can be broadly
classified into conventional, automated, and additive manufacturing techniques. The fabri-
cation technique employed primarily depends on the size and application of the composites.
Among the available techniques, conventional technologies, such as hand lay-up, injection
molding, compression molding, resin transfer molding, and filament winding, are widely
used to fabricate the FRPC [1]. This section offers a brief description of the commonly
used techniques in fabricating fibrous composites made of synthetic and natural fibers for
engineering applications.

Hand lay-up is the commonly employed technique in fabricating FRPCs. It involves
laying the fiber reinforcements on the mold followed by pouring a thermosetting resin to
wet the reinforcements. The resin is spread uniformly on the laid reinforcements using
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a brush or a roller followed by laying the next layer and repeating the process until the
desired thickness is obtained. Normally, a silicone demolding agent is applied to the mold
surface before laying reinforcements to facilitate easy removal of the composites after
curing [17]. Figure 1a illustrates the HL technique employed for composite fabrication.

The compression molding (CM) technique is employed for sheet molding compounds
(SMCs) and bulk molding compounds (BMCs). SMCs and BMCs are semi-cured sheets of
thermoset resin reinforced with short fibers or impregnated fibers, inert fillers, catalysts,
pigments and stabilizers, release agents, and thickeners. BMCs are stored at a lower
temperature to avoid hardening before subjecting them to compression molding [18].
Molding compounds are put in a hot mold and cured by pressing (Figure 1b). The pressure
and temperature applied during the process depend on the material type and desired
thickness [1].

  
(a) (b) 

Figure 1. Schematic representation of the (a) HL and (b) CM process used for composite fabrication [1,19].

Injection molding (IM) is the commonly used method for fabricating polymer com-
posites. The injection molding machine consists of a single screw extruder that melts the
granular raw material and forces it into the mold cavity. A schematic representation of
the IM technique employed for composite fabrication is represented in Figure 2. IM is a
two-stage process. In the first step, the thermoplastic material is mixed with reinforcements
in the form of particulates and chopped fibers (synthetic or natural) by compounding to
obtain the pellets. In the second step, the pellets are injected into the mold cavity to obtain
the components. A water jacket is provided around the mold to maintain the required
temperature during the process. IM is a cyclic process, and very little scrap is generated
during the process. The size and shape of the component and kind of raw material influence
the IM cycle time [20].

Figure 2. Schematic representation of the IM process used for composite fabrication [21].

Vacuum-assisted resin transfer molding (VARTM) is depicted in Figure 3. This process
utilizes a vacuum bag and half mold to fabricate the composites. Reinforcements in the
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form of woven fabric or mats are placed on the bottom mold, which in turn is put inside the
vacuum bag. The thermosetting resin is then drawn through the reinforcements placed in
the vacuum bag to impregnate the fabrics, followed by curing using heating elements placed
around the molds. Microwave heating sheets or thermal ovens can also be used to cure the
fabricated composites. The process can be performed at higher pressures for fabricating
higher-volume fraction composites that exhibit superior mechanical characteristics [22–24].

Figure 3. Schematic representation of the VARTM process used for composite fabrication [25].

RTM is a low-temperature and low-pressure process/technique employed for the
fabrication of thermoset composites (Figure 4a). It is performed using two rigid closed
molds and without the assistance of a vacuum. One of the molds is fixed, and the other can
be moved using a hydraulic unit after laying the reinforcements. The curing agent and resin
are then injected into the mold cavity under high pressure. Molds are surrounded by heat-
ing elements, which helps to cure the fabricated composites. RTM performed using higher
pressure reduces the cycle time in the fabrication of intricate shape components [26,27].

FM involves meandering the impregnated fibers or tapes on a rotating mandrel along
a prescribed path, such as helical, hoop, or polar (Figure 4b). Thermosetting resins are
generally used to impregnate the fibers before winding. Fibers can be used in both wet and
dry (pre-impregnated form) conditions. Wet winding involves unwinding the fibers from
the roving and passing them through a resin mixture to impregnate them before they are
wound on a mandrel with a certain orientation. Whereas the dry process makes use of fibers
that have already been impregnated i.e., in semi-cured conditions, eliminating the onsite
resin bath. Composites after winding are cured using an oven or autoclave or by using
infrared radiation and removed from the mandrel. Higher fiber loading can be achieved
using this process, which results in components with superior mechanical properties. This
process can be easily automated and is suitable to produce only axisymmetric (cylindrical)
components. Additionally, the processing behavior in filament winding is highly reliant on
the properties of the resin [28,29].

 
(a) (b) 

Figure 4. Schematic representation of the (a) resin transfer molding and (b) filament winding
processes used for composite fabrication [1].
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An autoclave molding process is a kind of open molding process, where molded parts
are kept inside a plastic bag and cured utilizing vacuum, heat, and high-pressure inert
gases inside an autoclave (a combination of an oven and pressure chamber). The autoclave
molding process is shown in Figure 5. In the first step, prepregs of the desired component
are firmly placed on the mold coated with a mold-releasing agent. Cores and inserts can
also be used during the process. Later, the whole assembly is covered by a plastic vacuum
bag before curing in an autoclave followed by vacuuming out the air resulting in denser
and desired void-free components. High pressure is maintained throughout the curing
process; however, the vacuum is maintained only during the early stages of the process.
A high-temperature thermosetting resin, such as epoxy resin, can be processed using this
process. The high cost and limited part size due to the use of autoclave machines and
prolonged curing cycles are the limitations of the autoclave process [30–33].

Figure 5. Schematic representation of autoclave molding process used for composite fabrication [19].

Pultrusion is the oldest technique to produce fiber-reinforced composites of a constant
cross-section, employing closed heated dies. The pultrusion process is illustrated in Figure 6.
The shape of the components produced relies on the die design used in the process. It is the
simple, efficient, flexible, and most cost-effective technique for fabricating continuous-fiber
structural composites with a constant cross-section. A creel for feeding the fiber, a resin
reservoir, forming dies, a machined die with a temperature control feature, a puller, and a
blade for cutting the product from the continuous system make up a pultrusion machine.

Figure 6. Schematic representation of pultrusion process used for composite fabrication [25].

Fiber forms (tape, woven, and/or mat) can be impregnated using both thermosetting
and thermoplastic resins. Impregnated fibers are passed through preforming guides to
remove excess resin and entrapped air, followed by passing through the heated die for
curing. A sawing system is used to cut the cured composites according to the requirement.
Resin-bath pultrusion and resin-injection pultrusion are the commonly used pultrusion
techniques. High-fiber loading, as compared to the HL, process can be achieved in this
process resulting in products with higher stiffness and strength [34–36].
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AM belongs to the group of advanced manufacturing techniques where the compo-
nents are fabricated in a layer-by-layer approach directly from computer-aided drawing
without the use of tools or dies [37]. Various AM techniques can be used to fabricate the
composite materials without using any molds and by selectively depositing the fibers [38].
Various AM techniques are illustrated in Figures 7 and 8.

Figure 7. Schematic representation of stereolithography AM process used for composite fabrica-
tion [39].

A selective laser sintering (SLS) process is used to fabricate composites made of ther-
moplastic powder and short fibers using a low-power laser. Composites with complex
geometries can be easily fabricated using the SLS process without using support struc-
tures [40]. The stereolithography (SLA) AM process utilizes a photosensitive resin along
with a laser to fabricate the components. The photosensitive resin is mixed with particles,
short fibers, continuous fibers, and woven fabric during fabrication. The volume fraction of
the reinforcements is limited to 20 vol.% since a higher volume fraction of reinforcements
may lead to non-uniform dispersion and inferior mechanical properties. Components
after printing are cured using a UV light oven [41]. Fused deposition modeling (FDM)
is an extrusion-type of AM method where the filament made of thermoplastic material
is melted (up to softening temperature), extruded, and deposited using a heated nozzle
(Figure 8). Multi-material deposition can also be achieved using this process utilizing
multiple nozzles [41].

Continuous fiber fabrication and liquid deposition modeling (LDM) are the two com-
mon types of FDM processes. The process utilizes pre-impregnated continuous fibers with
a thermoplastic matrix to fabricate the composites [43]. A matrix in liquid form is reinforced
with discontinuous reinforcements and whiskers to fabricate the composites in the LDM
type of the FDM process [41]. Other less commonly used AM processes to fabricate com-
posites are three-dimensional printing and laminated object manufacturing [1]. Techniques
adopted for the fabrication of composites reinforced by various artificial and natural fibers
for engineering applications are discussed in detail in the following sections.
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(a) (b) 

Figure 8. Schematic representation of (a) FDM and (b) SLS AM processes used for composite
fabrication [42].

3. Fabrication of Commonly Used Structural Composites

3.1. Aramid Fiber and Its Hybrid Composites

Aramid fibers (AFs) are slowly replacing glass fibers (GFs) to manufacture composites
for engineering applications in the last decade because of their distinctive properties, such
as low density, abundant availability, good thermal stability, high toughness, chemical
solvent resistance, nonconductive property, impact and abrasion resistance, etc. These
fibers exhibit excellent mechanical characteristics compared to steel and GFs on a weight-
for-weight ratio. AFs are susceptible to ultraviolet radiation, absorb moisture, and exhibit
low compression characteristics. AFs are extensively utilized in the production of insulated
composites for military purposes, aircraft components, fire-resistant clothing, and armored
vests [44].

AFs in the plain-woven fabric, along with natural kenaf fibers, were used to fabricate
hybrid epoxy laminates using the HL technique. External pressure using dead weights
(about 10 kg) was used to cure the composite at ambient conditions. The maximum fiber
content of AFs in the study was limited to 53.64%. Fabricated composites were evaluated
for their ballistic impact performance. Superior ballistic performance was observed in the
composites with a lower volume fraction of kenaf fibers. Fabricated hybrid composites
can be used for ballistic resistance applications, such as vehicle spall-liners [17]. Hybrid
epoxy composites combined with aramid and semi-carbon fibers were also fabricated
using the HL technique. Five different types of laminates were fabricated varying the
aramid layer from zero to four. Aramid (Kevlar 49) and semi-carbon fibers were used in
a twill form. Samples were cured overnight in ambient conditions. The reinforcement
volume fraction was limited to 40%. Fabricated composites were evaluated for thermal
and mechanical characteristics. Results indicate that with the increasing semi-carbon fiber
content in the hybrid composite decreases the tensile strength and elastic and flexural
modulus but decreases the rate of burning [45]. Aramid and natural (palm) fibers were
successfully reinforced in an epoxy matrix to fabricate hybrid composites employing the
HL technique. Reinforcement content was varied from 0 to 15 wt.% and was used in equal
ratios (i.e., aramid:palm). Fabricated laminates were evaluated for various mechanical
characteristics, namely tensile, flexural, impact, hardness, and water absorption tests. The
flexural modulus of the fabricated composite decreases at the highest fiber content of
20 wt.% due to ineffective load transfer from one to another end of the composite. The
water absorption rate was found to be highest for the composite reinforced with uncoated
natural fibers due to voids [46]. Bio-degradable composites were successfully manufactured
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using bagasse/epoxy resin and AFs via an HL technique utilizing steel molds. Bagasse
fibers were dried in sunlight, followed by chopping in a ball mill and washing using water
to remove the pulps. Bagasse fibers were used in 40, 50, and 60 by wt.% of an epoxy matrix,
while the aramid fiber weight percent was restricted to 5 wt.%. Laminates were dried at
ambient temperature for 24 h and evaluated for dynamic mechanical properties, such as
tensile, flexural, and impact strength. Superior mechanical properties were obtained in the
composites reinforced with treated fibers [47].

The CM technique was employed to produce hybrid vinyl ester (VE) composites rein-
forced with coir fiber, coconut shell powder, and AFs (Kevlar 29). Coir fiber and coconut
shell powder were used in as-received and surface (alkali and silane)-treated conditions.
The AF content varied from 5 to 15 w.t%. The maximum fiber loading, including all types of
reinforcement, was limited to 35 wt.%. Laminates were prepared by pressing the calculated
wt.% of reinforcements into the mat using two chromium-coated mild steel molds, followed
by resin pouring and rolling to remove entrapped air. Later, the mold was closed to cure the
laminates using ambient temperature for a day under 1 MPa pressure. Prepared composites
were studied for hardness, tensile, and flexural characteristics. Alkali and silane treated
fiber-reinforced composites exhibited enhanced mechanical characteristics. The formation
of silanol bonds and hydrogen bonds on fiber surfaces due to silane treatment enhances the
adhesion between the filler–matrix, resulting in superior properties. Composites reinforced
with treated fibers may be used in automobiles for structural applications [48]. Ultra-
high-molecular-weight polyethylene (UHMWPE) is combined with the polymeric filler
polytetrafluoroethylene (PTFE) and AFs using the CM technique. UHMWPE in powder
form is mixed with reinforcements in the presence of ethanol to obtain a homogeneous
mixture followed by heating in an oven at 79 ◦C to get rid of the ethanol. The molding
temperature, pressure range, and time were set to 150 ◦C, 100–300 bar, and 5 min, respec-
tively. Out of 5 min, heating was performed for 3 min followed by 2 min of cooling. The
AF weight content was varied between 2 and 5 wt.%. Tribological tests were conducted to
analyze the wear performance of fabricated composites. Composites manufactured at a
higher molding pressure exhibited superior wear characteristics due to enhanced consoli-
dation in the microstructures. Among the analyzed composites, the aramid fiber-reinforced
composite demonstrated superior wear resistance [49]. Hygro-thermal degradation and
mechanical studies were performed on E-glass woven roving and AF-reinforced hybrid
epoxy composites fabricated via the CM technique. The AF content was varied from 9 to
13 wt.% [50]. Polyetherimide hybrid composites were manufactured utilizing woven CFs,
GFs, and AFs (Kelvar 29) via a CM technique and evaluated for mechanical properties.
Polyetherimide in a granular form was immersed in dichloromethane to fabricate different
laminates with varying reinforcement contents. Composites were compression-molded at
400 ◦C and 8 MPa followed by cooling for 4–5 h maintaining the same pressure [51].

Short AFs were reinforced with polypropylene (PP) and thermoplastic elastomer
ethylene-propylene-diene using the IM technique and evaluated for mechanical charac-
teristics. AFs (Twaron 1488) used in the study had a diameter and length of 12 μm and
6 mm, respectively. The addition of AFs increases the impact strength of the PP matrix
composites; however, a declining trend was observed for the ethylene-propylene-diene
matrix composite. AFs display greater affinity towards a PP matrix, resulting in increased
impact performance [52]. A polyamide (PA) matrix was reinforced with flakes and long-
fiber granules obtained from aramid pulp to produce prepregs for the IM technique. First,
compounding was performed employing a twin-screw extruder to produce the prepregs.
The AF weight was varied from 5 to 20 wt.%. After compounding IM was performed to
fabricate the composites. Initial materials during both stages were dried for 4 h at 80 ◦C
using an oven. Fabricated samples were evaluated for tensile, flexural impact, and tribo-
logical characteristics. The authors successfully demonstrated a unique way of fabricating
aramid fiber-reinforced PA prepregs for the IM technique. Fabricated composites showed
decent tribological properties, which make them suitable for manufacturing components,
such as gear wheels, deflection pulleys, etc., subjected to tribological loads [53]. Alumina

11



J. Compos. Sci. 2023, 7, 252

nanoparticle-filled epoxy matrix and AF (Kevlar 49)-reinforced composite laminates were
fabricated using RTM. Nanoparticles by 40 wt.% were dispersed in epoxy resin using a
SpeedMixerTM at 2500 rpm. Laminates were fabricated using 14 layers of Afs, which was
equivalent to 41% by volume of epoxy resin. RTM was performed using 3 bar injection
pressure at 50 ◦C. Composites were first cured in the mold at 80 ◦C for 120 min, followed
by secondary curing at 150 ◦C for 180 min in a forced convection oven for demolding.
Fabricated composites were subjected to a particle burnout technique to measure the
nanoparticle distribution. Nanoparticle distribution was found to be non-homogenous
within the laminate, and a higher particle concentration was observed next to the entry of
the epoxy matrix. Increasing the resin flow tie increases the concentration of nanoparticles
in the fabricated laminate [54]. VARTM was employed to fabricate epoxy composites
reinforced with carbon nanotubes (CNTs)/AFs (Kevlar-29). The diameters of AFs and CNT
were 12 μm and 13 nm, respectively. First, purified CNTs were used to prepare polyethylene
oxide nanocomposite films. Next, epoxy was heated to dissolve the nanocomposite film
and disperse CNTs into the epoxy resin. Later, AF preforms were soaked in CNT-dispersed
epoxy to fabricate the composites. Fabricated composites were evaluated for flexural
characteristics. The authors successfully demonstrated a new fabrication technique to
produce CNT/AF-reinforced epoxy composites. Incorporating CNTs enhances the flexural
performance of hybrid composites [55].

Hybrid UHMWPE composites were fabricated by reinforcing AFs (Kevlar 29) in fabric
form for vehicular ballistic protection using the autoclave molding technique. AFs were
initially dried using an oven for 4 h at 105 ◦C before autoclaving to eliminate moisture.
Ethylene vinyl acetate adhesive films were placed in between AFs and molded using
the autoclave technique. The process was performed by varying the pressure from 6 to
24 bar and temperature from 80 to 110 ◦C for 55 min. Composites were subjected to a
consolidation process at 24 bar and 110 ◦C. Later, the autoclave temperature was reduced
to 30 ◦C along with the pressure. Fabricated composites were evaluated for dynamic-
mechanical properties and ballistic performance. Good adhesion was obtained between the
AFs and matrix resin. The highest mechanical and ballistic performances were exhibited
by the composite reinforced with 25 vol.% of AFs. Fabricated composites can be used
for fabricating vehicle armors [56]. Graphene oxide-reinforced AF/epoxy composites
were successfully fabricated using autoclave forming technology. The graphene oxide
content was varied from 0.1 to 0.4 wt.%. After dispersing graphene oxide in the epoxy
matrix, the mixture is vacuumed at 45 ◦C for 30 min before composite fabrication. A high-
pressure spray gun was used to soak the aramid fiber before molding. Autoclave molding
was performed at 150 ◦C and 0.4 MPa for 2 h. Fabricated composites were evaluated
for their mechanical properties. The addition of graphene oxide significantly enhances
tensile characteristics of AF-reinforced composites by inhibiting the stress concentrations
introduced by the spaces between the fiber and matrix due to poor adhesion [57].

The FDM additive manufacturing technique was utilized to fabricate AF-reinforced
nylon composites. A nylon filament reinforced with 2 wt.% short AFs was fabricated using
a twin-screw extruder. The layer thickness, extruder temperature, infill part density, and
raster angle varied in the range of 0.2–0.4 mm, 280–300 ◦C, 70–90%, and 0–90 degrees,
respectively. A layer thickness of 0.4 mm, extruder temperature of 300 ◦C, infill part density
of 90%, and raster angle of 90 degrees were identified as the optimum parameters for
printing. Fabricated composites were assessed for tensile, flexural, compression, and impact
performance. The layer thickness and raster angle significantly influence the mechanical
performance of the printed samples. A uniform distribution of AFs throughout the nylon
matrix was confirmed using scanning electron micrography [58]. A Multi Jet Fusion (MJF)
AM technique was used to print high-strength AF/PA12 composites. Composites were
printed using AF/PA12 composite powder and used in the as-received condition. PA12
powder was combined with short AFs utilizing a mechanical mixer. The AF content varies
from 0 to 14 wt.%, and the mean fiber length was at the limit of 0.5–1.2 mm. The energy
input, build platform temperature, layer thickness, and recoating speed were considered as
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process parameters for printing. Samples were printed using a layer thickness and build
platform temperature of 20 μm and 220 ◦C, respectively. After printing, samples were
naturally cooled to ambient temperature followed by cleaning using bead blasting [59].

3.2. Carbon Fiber and Its Hybrid Composites

CFRP composites find their applications in many engineering sectors, such as automo-
bile, aviation, marine industries and civil engineering, wind-turbines, sports equipment,
and robotics due to their unique properties, such as excellent specific mechanical properties,
lightweight property, high damping ability, good dimensional stability, and resistance
to the corrosive environment [60,61]. A carbon fiber can be reinforced with a variety of
matrices, such as polymer, metal, ceramic, or carbon [62]. CFRP can be produced using
various manufacturing techniques, such as vacuum bagging, CM, FW, HL, or AM tech-
niques [63,64]. Even though CFRP finds many engineering applications, the fabrication
costs are exceptionally high and the machining of CFRPs using conventional cutting tools
is not economical [65,66].

The HL method was employed to fabricate CFRP using bisphenol-A epoxy matrix and
CNTs. CFs were used in the fabric form and procured from Toray Industries Inc., Tokyo,
Japan. Fibers were first treated with acetone to remove impurities, followed by treatment
with nitric acid to enhance the wettability during processing. CFs were carefully cleaned in
deionized water before being vacuum-dried for 12 h at 80 ◦C. Composites were produced
via the HL method, followed by pressing at 150 ◦C and 7.4 MPa for 150 min. The CF
content was limited to 60 wt.%. Fabricated composites were evaluated for their electrical
and mechanical properties [67]. Multi-wall CNTs (MWCNTs) and CF-reinforced epoxy
(bisphenol-A) nanocomposites were successfully fabricated using the FW technique. The
MWCNT content was varied from 0 to 1 wt.% of the matrix weight. First, MWCNTs were
dispersed in an epoxy matrix using a sonication process, followed by ball milling for 2 h at
250 rpm. The mixture was later used to fabricate unidirectional CF-reinforced composites
using the FW technique. CF loading was limited to 60 wt.% of the epoxy resin. Composites
were first dried at 120 ◦C for 120 min, followed by post-curing at 180 ◦C for 180 min.
Fabricated composites were tested to evaluate their fracture toughness and mechanical
properties. The crosslink density of the epoxy matrix was significantly enhanced by the
presence of amino-functionalized-MWCNTs. This crosslinking between the filler and matrix
enhances the interfacial strength of the composite along with the fracture toughness [68].

CM was employed to fabricate phenolic nanocomposites reinforced with CFs and
MWCNTs. MWCNTs were first dispersed in phenolic resin by them stirring for 60 min at
500 rpm. CF and MWCNT loading was restricted to 50 wt.% and 2 wt.%. BMC paste was
first subjected to CM at 1 bar pressure and 100 ◦C for 30 min. Later BMC paste was subjected
to the second stage of CM at 10 bar pressure and 170 ◦C for 5 h. Composites were post-
cured for 120 min at 200 ◦C. Fabricated composites were tested for thermal and mechanical
properties. The flexural and thermal performance of the fabricated composite material
was found to increase up to 1 wt.% of MWCNTs and decrease at 2 wt.% of MWCNTs.
Micrography results revealed that failure of the pure composite was due to brittle fracture;
however, ductile fracture was observed in MWCNT-reinforced composites. CNTs were
uniformly dispersed in the phenolic resin without agglomeration [69]. Epoxy (Bisphenol-A)
composite was successfully fabricated using CFs in a fabric form and MWCNTs using a
CM technique. MWCNTs were ultrasonically dispersed in the epoxy resin before applying
them on carbon fabric. The diameter and length of MWCNTs used in the study were in
the range of 10–20 nm and 10–30 μm, respectively. The highest MWCNTs and carbon fiber
loading were limited to 0.75 and 64 wt.%, respectively. MWCNTs were dispersed in acetone
and mixed with epoxy, followed by sonication at 50◦C for 60 min. Later, hardener was
added and mixed thoroughly using a magnetic stirrer. Six layers of carbon fabric were
stacked in a different orientation to fabricate laminate of a 1.5 mm layer thickness using
the CM technique. Fabricated composites were cured using an autoclave under a vacuum
and tested for various mechanical and thermal properties. The micro-crack bridging effect
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exhibited by nanotubes leads to the enhanced tensile and flexural performance of the
composites. Uniform dispersion of MWCNTs was observed at a lower weight fraction;
however, agglomeration was witnessed at a higher MWCNT content [70].

RTM was employed to successfully fabricate thick CFRP/epoxy composites. Com-
posites were fabricated using 39 layers of CFs in different orientations. CF loading was
limited to 55 wt.% of the matrix resin. The epoxy resin was injected into the molds at an
injection speed of 2 l/m and 20 bar. Fabricated composites were tested for evaluating poros-
ity and mechanical characteristics. The authors tried to propose optimum RTM process
parameters to fabricate a 20 mm-thick CFRP plate. Performing compaction by means of
compressed air enhances the aesthetic aspect and porosity of fabricated composites. Tested
composites exhibited comparable mechanical characteristics to those fabricated via auto-
clave molding [71]. Hybrid epoxy composites reinforced with CFs and GFs were fabricated
by employing the vacuum bagging technique. Composites were evaluated for various
mechanical properties, such as hardness, tensile strength, and modulus. Bi-directional GFs
and CFs in the woven mat form of 200 GSM were used for composite fabrication. The
fiber weight percentage was varied from 15 to 60 wt.%. First, the laminates were prepared
using the HL technique at ambient temperature, followed by vacuum bagging at 0.1 bar to
remove the trapped air. Composites were post-cured in three stages, namely at 50 ◦C for
30 min, at 65 ◦C for 45 min, and at 75 ◦C for 60 min. Enhanced mechanical performance
was obtained at a higher wt.% of fiber reinforcements. CF-reinforced composites exhibit
enhanced ductile characteristics compared to the composites reinforced with GFs [72].

Hybrid PP composites mixed with short carbon fibers (SCFs) and short glass fibers
(SGFs) were successfully fabricated by employing extrusion compounding and IM tech-
niques. Fiber loading in hybrid composite fabrication was restricted to 25 wt.%. A twin-
screw extruder was employed to manufacture PP composites using GFs and CFs in the
roving form. The extrudates were cooled and pelletized, followed by IM, using a twin-screw
injection molding machine at 230 ◦C [73]. PP composites reinforced with short CFs were
fabricated using an extrusion and IM process. CF loading was limited to 40 wt.%. The CF
diameter and mean length were in the ranges of 7–9 μm and 150 μm, respectively. Six differ-
ent types of composites were manufactured by varying the reinforcing CF content. Initially,
mechanical mixing is performed to mix the constituents, followed by melt-mixing using a
twin-screw extruder at 210 ◦C, followed by pelletization. The pellets were injection-molded
at 230 ◦C to fabricate the composites. The composites were subjected to mechanical testing
to determine the tensile strength and modulus. CFs were randomly oriented with respect
to the injection direction. More fiber breakage and agglomeration were noticed at higher
SCF loading. The composite exhibits inferior ductility characteristics due to the presence of
hollow spaces at fiber ends and lower interfacial strength among the constituents [74].

SCF-reinforced polycarbonate composite material was successfully printed employ-
ing the fused filament fabrication (FFF) technique. Initially, filaments of 2.85 mm were
fabricated using a single screw extruder at 270 ◦C and a 25 mm/s speed. Constituent
materials were dried in a furnace for 120 min at 90 ◦C to eliminate the water content before
extruding them. The SCF content was varied from 3 to 10 wt.%. Samples were printed in a
ULTIMAKER3 printer by maintaining a bed temperature of 107 ◦C, extrusion temperature
of 270 ◦C, infill density of 100%, and layer thickness of 0.2 mm, with varying printing
speeds in the range of 25–75 mm/s. Printed samples were subjected to mechanical testing to
determine tensile, flexural, compression, and micro-hardness properties [75]. Continuous
fiber-reinforced nylon composites were printed employing an FDM-based Markforged
Mark One 3D printer. Carbon, glass, and Kevlar fibers were used as reinforcements for
printing hybrid composites. A nylon filament of 1.75 mm was stored in a closed box to
avoid moisture absorption before printing. The diameter of carbon, Kevlar, and glass fibers
was 8 μm, 12 μm, and 10 μm, respectively. Samples were printed in two stages. In the
first stage, nylon was printed on a built platform kept at ambient temperature. In the
second stage, fibers were oriented as per the desired direction and printed on a nylon layer.
Printed composites of glass and Kevlar consisted of 32 layers, while carbon fiber-reinforced
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composites consisted of 26 layers. Samples were printed using fibers in concentric and
isotropic patterns. Both the matrix and reinforcements were extruded at 263 ◦C using
distinct print heads. The printed composites were analyzed for both tension and flexure
performances [76]. An SLS additive manufacturing technique was successfully employed
to print CFRP composites using PA12 in powder form. CF loading was varied from 30
to 50 wt.%, and the surface of the fibers was modified using an oxidation modification
technique to enhance adhesion with the matrix material. The composite powder was pre-
pared using a suitable technique, and the samples were printed using a continuous wave
CO2 laser. The following process parameters were employed during printing: laser beam
speed—500 mm/s; laser power—22 W; layer thickness of powder—0.1 mm. Manufactured
composites were examined for evaluating their mechanical and thermal characteristics [77].
An SLS additive manufacturing technique was employed to print recycled PA12 composites
reinforced with milled CFs up to 30 wt.%. Constituent materials were first dried using
an oven for 24 h at 60 ◦C, followed by manual mixing using a plastic bag. The mixture
was then compounded utilizing a twin-screw extruder maintaining a constant temperature
setting and screw speed. Extruded material was pelletized and dried again for a day at
60 ◦C. Filaments were fabricated using a single screw extruder, followed by printing using
Ultimaker 2. Samples were printed at a printing speed of 60 mm/s, build platform tem-
perature of 240 ◦C, and layer thickness of 0.2 mm, with 100% fill density. Printed samples
were evaluated for mechanical and thermal characteristics [78].

3.3. Glass Fiber and Its Hybrid Composites

Glass fibers are widely used in the fabrication of structural composite materials because
of their high strength, stiffness, and durability. GFs can be used in a variety of forms, such
as short fibers, continuous fibers, fabric, or mat forms to fabricate the composites. GFs can
be reinforced with many polymers, such as epoxy, phenolic, polyester, vinyl ester, etc. [62].
GF-reinforced composites have several advantages over traditional materials, such as metal
and wood. They are lightweight and corrosion-resistant and have high strength-to-weight
ratios. They are also highly customizable, as the properties of the composite can be tailored
to meet specific application requirements. These materials are used in many applications,
namely aerospace, automotive, marine, and construction industries. They are commonly
used to make parts, such as body panels, structural components, and insulation [79–81].

GFRP composites were fabricated using both HL and VARTM followed by a compara-
tive analysis of mechanical and thermo-mechanical performance for wind turbine blade
applications. Bi-directional E-glass woven fibers were utilized as reinforcements with an
epoxy matrix. Specimens with 10 layers of GFs were fabricated using HL followed by
curing under a 25 kg weight for 24 h. Similarly, specimens of 10 layers were also fabri-
cated using VARTM at room temperature for a comparative analysis [82]. GFRP hybrid
composites were fabricated using an HL and vacuum infusion (VI) technique for marine
vessel applications. The outer layer of hybrid composites was fabricated using the HL
technique and the interior layers using the VI technique at a different orientation. Epoxy
vinyl ester and plain vinyl ester were used as matrix material for VI and HL techniques,
respectively. Fabricated samples were evaluated for tensile, compression, and in-plane
shear characteristics [83].

Short glass fibers and calcium carbonate-reinforced polyester composites were fabri-
cated from BMC using a CM technique. Calcium carbonate at 55 wt.% was used to first
fabricate BMC. Fibers of two different lengths were used, and the mean length of chopped
glass fibers was 0.4 mm and 6.4 mm. Composites were fabricated by employing the fol-
lowing process parameters: mold temperature of 149 ◦C; mold pressure of 5.5–6.9 MPa;
cure time of 2 min. Fabricated samples were evaluated for impact characteristics using the
Charpy test for aerospace applications [84]. Hybrid epoxy composites of glass and jute
fibers in woven form were successfully fabricated using the CM technique. The E-glass and
jute reinforcement thicknesses were 0.7 and 1 mm, respectively. After CM, first, a curing
pressure of 15 kg/cm2 was applied for 10–15 min to enhance wettability, followed by post-
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curing at room temperature for 24 h. Hybrid composites were evaluated for mechanical
characteristics in terms of flexural and impact strength followed by numerical analysis to
evaluate the predictive flexural response [85].

Glass fiber-reinforced polyester pipes were manufactured using the FW technique and
evaluated for tensile characteristics. The inner layer of the composite was fabricated using a
glass fiber mat of 450 GSM using polyester resin on a cylindrical mandrel. After curing the
first layer, polyester resin-impregnated continuous E-glass woven fabrics were wounded
to fabricate the structural layer over the inner layer. The highest fiber and matrix weight
fraction was limited to 79.5% and 34.4%, respectively [86]. Hybrid polyester composites
reinforced with woven jute/glass fabric were fabricated using the HL technique. The
weights of woven glass and jute fabrics were 360 and 320 GSM, respectively. Laminates
were first cured using moderate pressure for 60 min, followed by secondary curing without
any pressure for 48 h at room temperature. Six types of laminates were fabricated using
10 layers of reinforcements, and the highest fiber loading was limited to 42 wt.%. Fabricated
composites were tested for tensile, flexural, and interlaminar shear characteristics [87].

Vacuum Assisted Resin Injection (VARI) was employed to fabricate an unsaturated
polyester composite reinforced with E-glass fabrics. Laminates were manufactured using
three layers of glass fabrics, followed by 40 h of curing under ambient conditions. Fabricate
composites were examined to evaluate the influence of water immersion on mechanical
performance [88]. Glass fiber-reinforced unsaturated polyester resin composites were
manufactured using the RTM process. Before the RTM process, the fibers were treated
with a coupling agent for 10 min and dried under ambient conditions for 48 h, followed by
oven drying under a vacuum for 24 h. Laminates were fabricated using 12 layers and mold
was wrapped with a rubber dam to avoid resin leakage. Fibers were impregnated at 40 ◦C
under 46 kPa pressure using nitrogen gas. Later, the laminates were cured by increasing the
mold temperature to 85 ◦C for 60 min. Fabricated composites were tested for void contents
and flexural characteristics [89].

An SLA process was employed to print short and continuous fibers composites rein-
forced with photo-curable epoxy resin. Samples were printed utilizing a Nobel 1.0 SLA 3D
printer manufactured by XYZ Printing, Inc. using a laser wavelength of 405 nm. Reinforce-
ments in the form of glass powder, a chopped glass strand mat, and fiberglass fabric were
coated with silane before printing for enhancing the interfacial bonding. Glass powder-
reinforced composites were fabricated by varying the reinforcement content up to 55 wt.%
with a layer thickness of 0.1 mm. Specimens were cured for 10 min using an exposure unit.
Good quality specimens were obtained up to 50 wt.% of glass powders. Intricate shapes
of good quality were produced using glass powders up to 10 wt.%. A chopped strand
mat was used to fabricate short glass fiber-reinforced composites employing the same
printing parameters. The reinforcement content was maintained at 1 wt.% of the epoxy
resin. Continuous glass fiber specimens were fabricated with a layer thickness of 0.1 mm
by submerging the fiberglass fabric in a vat containing a photocurable resin. Specimens
were successfully fabricated with a few minute voids of less than 1 mm in size using glass
powder and continuous fibers. However, the fabrication of short fiberglass composites was
not successful due to non-consistent reinforcement dispersion and the existence of large
holes [90].

Three-phase GF-reinforced composites were fabricated using the SLS additive man-
ufacturing technique, followed by infiltration using epoxy, for insulating purposes. GF
was surface-treated using silane (KH-550) before reinforcing it with a phenol formalde-
hyde resin. Phenol formaldehyde was dissolved in ethanol and mixed with GF to prepare
powder for the SLS process using the ball milling process. Ball milling was performed at
300 rpm for 60 min and constituents were dried for 24 h at 50 ◦C, followed by crushing
and sieving, to obtain the suitable powder material. GF loading was varied from 60 to 80
by vol.% of the matrix resin. Samples were printed using a continuous-wave CO2 laser in
an HK S320 SLS system. Samples were printed with the following optimum conditions:
build plate temperature of 65 ◦C; laser power of 14 W; scanning speed of 3500 mm/s; layer
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thickness of 0.1 mm. Finally, the fabricated samples were infiltrated with epoxy to fill the
pores, followed by curing in an oven. Fabricated composites were evaluated for mechanical
and electrical properties [91]. An FDM additive manufacturing technique was employed
to fabricate an SGF-reinforced acrylonitrile butadiene styrene polymer composite. SGF
loading was limited to 30 wt.%. ABS pellets were first dried in an oven for 120 min at
120 ◦C to eliminate moisture. After drying, the ABS pellets were mixed with the required
quantity of SGFs and compounded using a twin-screw extruder at 50 rpm and 225 ◦C. Com-
pounded pellets were used to fabricate filaments of 1.75 mm with a twin-screw extruder
using a temperature range of 200–230 ◦C. Samples were printed adopting the following
printer settings: infill density of 100%; layer thickness of 0.1 mm; build plate temperature of
80 ◦C, and extruder temperature of 240 ◦C. Fabricated samples were tested for mechanical
performance evaluations [92].

3.4. Natural Fiber and its Hybrid Composites

A natural fiber-reinforced polymer composite is a material in which a polymer matrix
is reinforced with natural fibers. Natural fibers, such as jute, hemp, flax, sisal, and kenaf,
are commonly used for reinforcing the polymer matrix [93]. Natural fibers enhance me-
chanical properties, such as strength, stiffness, and toughness. Natural fibers have been
extensively used in polymer composites in recent years because they are renewable, low-
cost, lightweight, and environmentally friendly [94]. Various techniques can be adopted to
fabricate these types of composites. NFRP composites have many advantages over tradi-
tional composites made with synthetic fibers. They have a lower environmental impact, are
biodegradable, and have good mechanical properties. Additionally, the use of natural fibers
can reduce the weight of the composite, making it lighter and more fuel-efficient in certain
applications. Natural fibers were generally surface-treated to enhance the adhesion with
the matrix material before composite fabrication. The resulting composite material can be
used for many purposes, such as automotive parts, construction materials, furniture, and
packaging. Overall, natural fiber-reinforced polymer composites are a promising material
that can offer a sustainable solution for various industries [95,96].

Hybrid epoxy composites reinforced with unidirectional sisal/banana fibers were
fabricated using an HL Process. Reinforcements were surface-treated with a sodium hy-
droxide solution before composite fabrication. The reinforcement content was restricted to
30 wt.% of the epoxy resin. After fabrication, laminates were cured under a light load for
24 h at room temperature. Fabricated composites were drilled and evaluated for delami-
nation characteristics [97]. An HL technique was employed to fabricate hybrid polyester
composites using natural flax and synthetic GFs for wind turbine blade applications. Three
different types of laminates were fabricated by varying the reinforcement contents. Fab-
ricated composites were examined to estimate the mechanical characteristics and water
absorption characteristics [98]. VE composites reinforced with surface-treated coir fibers
were fabricated using the HL technique. Coir fibers were derived from the coconut husk
procured from a local market. Samples were cured under a constant pressure of 5 MPa
for 24 h at room temperature. The mean length and diameter of the fibers were 8 mm
and 200 μm, respectively. Fabricated composites were evaluated for tensile and flexural
characteristics [99].

The comparative mechanical and thermal characterization was performed on flax
fiber/epoxy composites fabricated using HL and CM techniques. Reinforcements were
used in mat form without any surface treatments. The reinforcement contents were var-
ied from 24–30 by vol.% of the epoxy resin. HL was performed at room temperature,
followed by two stages of curing. Samples were initially cured at 80 ◦C for 4 h and later
at 120 ◦C for 2 h. CM was performed by varying the compression pressure in the range
of 2–10 MPa and temperature from 80 to 120 ◦C. Superior characteristics were obtained
for the compression -molded composites with 27 vol.% of flax fibers at 4 MPa pressure
and 100 ◦C temperature [100]. Polylactic acid (PLA)-based bio-composites were fabricated
using the CM technique using bamboo, cotton, and flax fibers in non-woven mat form.
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The mean lengths of bamboo, cotton, and flax fibers were 126, 35, and 80 mm respectively.
Constituent materials were first dried at 60 ◦C overnight before compression using a hot
press for 15 min at 185 ◦C under 1250 psi pressure. Laminates were cured at 120 ◦C for
30 min using an oven. Fabricated composites were evaluated for mechanical (flexural and
impact), thermal, damping, and acoustic characteristics and were to be used in automobile
and construction industries. A PLA composite reinforced with cotton and bamboo fibers
exhibited better performance than the commercially available material [101].

RTM was employed to successfully fabricate epoxy composites reinforced with uni-
directional high-quality flax fibers in mat form. Composites were fabricated using three
different volume fractions of the reinforcements. The highest fiber loading was limited to
48 by vol.% of the epoxy resin. Injection pressures of 2 bar and 1 bar were employed to
fabricate the composite reinforced with high- and low-volume fractions of reinforcements,
respectively. Resin was injected into the closed mold at 50 ◦C, followed by curing at 80 ◦C
for 8 h. The prepared composites were tested to evaluate their mechanical properties [102].
Green PLA composites reinforced with bamboo and pineapple leaf fibers were fabricated
using the IM technique. Natural fibers were surface treated using three different solutions
to enhance the wettability before fabrication. Fiber loading was limited to 10 wt.%, and the
mean length of the fibers was 4 mm. First, PLA pellets were dried in an oven at 70 ◦C for
6 h to remove the water content. Later, IM was performed by considering the following
process parameters: barrel temperature range, injection pressure, and speed of 125–165 ◦C,
90 bars, and 60 mm/s, respectively, followed by a 25 s cooling cycle. Fabricated composites
were evaluated for various mechanical properties, such as tensile, flexural, compression,
and shear properties [103].

Bamboo fiber-reinforced PP/PLA composites were successfully fabricated using the
FDM additive manufacturing technique. Natural fibers were subjected to various surface
treatments to enhance their wettability before printing. First, PLA composites were fabri-
cated using IM by adopting the following conditions: IM temperature range of 180–185 ◦C;
injection pressure of 60 MPa; and holding time of 10 s. Next, PP/PLA/bamboo fiber
composite filaments were manufactured using a single-screw extruder. Filaments were
made of 20 wt.% bamboo fiber, 52.5 wt.% PP, and 22.5 wt.% PLA. Composites were printed
using an FDM-based printer using an extrusion temperature of 180–200 ◦C, a printing
speed of 40–60 mm/s, and a build plate temperature of 40–60 ◦C. Printed samples were
evaluated for mechanical and thermal characteristics [104]. A hybrid AM technique (FDM
in combination with shape deposition modeling) was employed to print natural-fiber gran-
ulated composites made of sugarcane, jute, ramie, banana, pineapple fiber, and seashell
powder. The volume fraction of the reinforcements was fixed at 80 vol%. Fibers were first
washed using distilled water, next treated with sodium hydroxide solution, and later dried
at 80 ◦C for 180 min to eliminate moisture before milling using a ball miller to the size of
70 to 100 μm. The reinforcements were mixed in the required proportion and converted
into a paste using epoxy resin. After the paste was obtained, the composites were printed
using a specialized printing head using an FDM printer. Samples were printed by varying
the number of layers from 6 to 12; however, the thickness of the composites was limited
to 13 mm. Granulated composites were tested for evaluating their various mechanical
properties [105]. An SLS additive manufacturing technique was successfully employed to
fabricate bamboo flour/co-polyester composites. Bamboo flour contents of 20, 25, and 30
by wt.% were used to fabricate the composites. Bamboo floor and co-polyester powder
were mixed in different ratios using a high-speed mixer for 10 min at 700–800 rpm and
50 ◦C to prepare the composite power for SLS. SLS was performed using a CO2 laser with
a 10.6 mm wavelength and a scan speed of 2000 mm/s. Printed samples were evaluated
for mechanical properties in terms of tensile, flexural, and impact strength [106].

4. Mechanical Characterization of Fibrous Composites

Mechanical characterization of fibrous composites involves studying the behavior
of composite materials under mechanical loading, which can provide insights into the
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strength, stiffness, and durability of the material. The mechanical properties of the fibers,
the matrix material, and the interface between them are important in determining the
overall mechanical behavior of the composite. The results of these tests can be used
to design and optimize composite materials for specific applications, such as aerospace,
automotive, and construction industries. The mechanical characterization of synthetic and
natural fibrous composites is discussed in the following section.

4.1. Synthetic Fiber-Reinforced Polymer Composites

Jaiswal et al. [107] examined the effect of AF content and its orientation on the me-
chanical performance of the composites, such as tensile strength, modulus, and elongation
at break. The results showed that increasing the AF content improved the mechanical
properties of the composites, with a maximum tensile strength achieved at a 50:50 AF-to-
polypropylene fiber ratio. Furthermore, the study found that increasing the fiber orientation
angle resulted in decreased tensile strength and elongation at break but an increased mod-
ulus. Kandekar and Talikoti [108] investigated the effect of the number and position of
AF strips on the torsional strength of the reinforced concrete beams. The experimental
results indicated that the use of AF strips can significantly improve the torsional strength
and stiffness of the reinforced concrete beams. Furthermore, the study found that placing
the AF strips at the critical sections of the beam can improve the torsional behavior of
the reinforced concrete beams more effectively than placing them at other locations. The
addition of treated coir fiber/coconut shell powder and AFs improved the mechanical
properties of the VE composites, with the highest mechanical properties achieved at a
10 wt.% fiber content. The study found that the addition of AFs had a more significant
effect on the tensile and impact strength of the composites, while the addition of treated
coir fiber/coconut shell powder had a more significant effect on the flexural strength [48].
Yahaya et al. [17] investigated the ballistic impact properties of woven kenaf-aramid fiber
hybrid composites. The results showed that the addition of AFs improved the ballistic
impact properties of the composites, including increased energy absorption and reduced
back-face deformation. The composites with a higher percentage of AFs had better ballistic
impact properties but at the cost of decreased tensile strength.

In a study by Badakhsh et al. [67], the effect of grafting CNTs onto carbon fibers
(CFs) in CFRP composites was investigated. The study found that the grafting process
improved the surface energetics of CFs, leading to better bonding between the fibers and
the polymer matrix. As a result, the mechanical properties of the CFRP composites were
enhanced. The study also suggested that optimizing the grafting process can achieve
a balance among surface energetics, electrical conductivity, and mechanical properties.
Tariq et al. [70] investigated the mechanical properties of multi-scale CNT/CF/epoxy
composites. The incorporation of CNT into carbon fiber-epoxy composites enhances
their mechanical properties by providing additional reinforcement at the nanoscale. The
resulting composites exhibit improved stiffness, strength, toughness, and fatigue resistance.
Gupta et al. [75] conducted a study to examine the impact of varying the CF content on
the mechanical properties of a composite material. The results showed that the addition
of CFs to the polycarbonate matrix improved the mechanical properties of the composite.
The inclusion of 10 wt.% CFs increased the tensile strength and modulus by 52% and 82%,
respectively, when compared to pure polycarbonate. Additionally, the incorporation of CFs
also improved the flexural strength and modulus of the composite material. According to
microstructure analysis, the CFs were uniformly dispersed throughout the polycarbonate
matrix, which contributed to the enhanced mechanical properties.

Huang and Sun [88] investigated the effect of water absorption on the mechanical
properties of glass/polyester composites. The results showed that water absorption signifi-
cantly affected the mechanical properties of the glass/polyester composites. Specifically,
the tensile strength, flexural strength, and impact strength of the composites decreased after
immersion in water for various durations. The authors attributed this decrease in mechani-
cal properties to the degradation of the resin matrix due to water absorption. The study also
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revealed that the extent of degradation was dependent on the duration of water immersion
and the type of fiber reinforcement. Ahmed and Vijayarangan [87] studied the mechanical
properties of jute and jute-glass fabric-reinforced polyester composites. The results of the
study showed that the addition of GFs to the jute fabric improved the mechanical properties
of the composites. Specifically, the jute-glass fabric-reinforced polyester composites had
higher tensile strength, flexural strength, and interlaminar shear strength compared to the
jute-reinforced polyester composites. The microstructure analysis showed that the water
absorption caused swelling of the resin matrix, which led to the formation of voids and
cracks at the interface between the fiber and the matrix. This resulted in a decrease in the in-
terfacial adhesion and, hence, the mechanical properties of the composites. The influence of
fiber length on the mechanical properties of GF-reinforced PA12 composites manufactured
using multi-jet fusion printing was investigated by Liu et al. [109]. It was found that using
longer fibers resulted in increased porosity in the composite parts. The addition of GFs
with an average length of 226 μm significantly improved the ultimate tensile strength and
tensile modulus of the composites in the direction of powder bed spreading. Specifically,
the improvements were 51% and 326%, respectively, compared to pure PA12 specimens.
Li et al. [91] evaluated the mechanical properties of electrical insulating composites made
from glass fiber, phenol-formaldehyde resin, and epoxy resin using SLS technology. The
results indicated that the bending and tensile strength of the composites increase by 30%
and 42.8%, respectively, after being infiltrated with epoxy resin. Additionally, increasing
the glass fiber content improves the flexural and tensile strength of the composite. These
improved properties make the hybrid composites suitable for use in complex structural elec-
trical insulation devices fabricated using SLS additive manufacturing technology, thereby
broadening the materials and applications of this technology.

4.2. Natural Fiber-Reinforced Polymer Composites

According to research of Thomason [110], the transverse and shear modulus of jute
fiber is significantly lower than its longitudinal modulus, leading to lower mechanical
performance of NFRP composites compared to GFRP composites, mainly due to weaker
mechanical properties in the transverse direction. This weakness can be attributed to
the detachment of the outer layer and individual fibers in contact with the matrix dur-
ing compounding and extrusion, which is not caused by a lack of physical and chemical
compatibility between the fiber and matrix. A study by Ouali et al. [111] showed that a
high-density polyethylene composite made with a 40% kenaf fiber mat had similar me-
chanical properties to a composite made with 40% discontinuous glass fiber and HDPE.
Both composites had specific tensile strengths and moduli, as well as flexural strengths and
moduli. Additionally, another process that involved coating flax fabric with adhesive, sand-
wiching it with polymer films, and compression molding resulted in a flax/PE composite
with remarkable tensile strength and modulus values. According to a study by Couture
et al. [112], the mechanical properties of flax/PLA and flax-paper/PLA composites were
compared. Results showed that both composites had similar specific tensile properties,
252 MPa cm3/g and 217 MPa cm3/g, respectively, compared to composites made with
woven glass fabrics and epoxy. The flax-paper composite also had an exceptionally high
impact strength of 600 J/m compared to unreinforced resin of 15 J/m.

A summary of the various investigations performed on fibrous composites fabricated
using different manufacturing techniques is presented in Table 1.
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Table 1. Summary of the investigations performed and manufacturing methods adopted for the
fabrication of fibrous composites.

Manufacturing
Technique

Type of
Matrix

Type of
Reinforcement

Investigations
Performed

Ref.

Autoclave molding
technique

Epoxy AFs Mechanical properties [57]

UHMWPE AFs Dynamic mechanical properties [56]

CM

Epoxy GFs and AFs Hygro-thermal degradation and
mechanical properties [50]

Epoxy MWCNTs and CF Thermal and mechanical
properties [71]

Epoxy GFs and Jute Fibers Flexural and impact properties [85]

Phenolic resin MWCNTs and CFs Thermal and mechanical
properties [70]

Polyester SGFs and Calcium Carbonate Impact characteristics [84]

Polylactic acid Bamboo, Cotton, and Flax Fibers Mechanical, thermal, damping,
and acoustic characteristics [101]

Polyetherimide CFs, GFs, and AFs Mechanical characteristics [51]

UHMWPE PTFE and AFs Wear performance [49]

FDM

ABS SGFs Mechanical properties [92]

Nylon AFs Tensile, flexural, compression, and
impact properties [58]

Nylon CFs, GFs, and Kevlar Fibers Tension and flexure performances [77]

PP/PLA Bamboo Fibers Mechanical and thermal
characteristics [104]

FDM and shape
deposition modeling Epoxy

Sugarcane, Jute, Ramie, Banana,
Pineapple Fibers, and Seashell

Powder
Mechanical properties [105]

Fused filament
fabrication Polycarbonate SCFs Tensile, flexural, compression, and

micro-hardness properties [76]

FW
Epoxy MWCNTs and CFs Mechanical properties [69]

Polyester GFs Tensile characteristics [86]

HL

Epoxy AFs and Kenaf Fibers Ballistic impact performance [17]

Epoxy AFs and CFs Thermal and mechanical
characteristics [45]

Epoxy AFs and Palm Fibers Tensile, flexural, impact, hardness,
and water absorption tests [46]

Epoxy AFs and Bagasse Fibers Tensile, flexural, and impact
strength [47]

Epoxy CFs Electrical and mechanical
properties [68]

Epoxy Sisal and Banana Fibers Delamination characteristics [97]

Hybrid VE Coir Fibers, AFs, and
Coconut Shell Powder

Hardness, tensile, and flexural
characteristics [48]

Polyester GFs and Jute Fibers Tensile, flexural, and interlaminar
shear characteristics [87]

Polyester Flax Fibers and GFs Mechanical and water absorption
characteristics [98]

VE Coir Fibers Tensile and flexural characteristics [99]
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Table 1. Cont.

Manufacturing
Technique

Type of
Matrix

Type of
Reinforcement

Investigations
Performed Ref.

HL and
vacuum infusion

Epoxy VE and
plain VE GFs Tensile, compression,

and in-plane shear characteristics [83]

Hand layup and
compression molding Epoxy Flax Fibers Mechanical and thermal

characterization [100]

HL and VARTM Epoxy GFs Mechanical and
thermo-mechanical properties [82]

IM

PLA Bamboo Fibers Tensile, flexural, compression, and
shear properties [103]

PA AFs Tensile, flexural, impact, and
tribological characteristics [53]

PP SGFs and CFs Mechanical characteristics [74]

PP SCFs Tensile strength and modulus [75]

PP and ethylene-
propylene-diene Short AFs Mechanical characteristics [52]

MJF PA12 AFs Mechanical properties [59]

RTM

Epoxy AFs and Alumina Nanoparticle Nanoparticle distribution [54]

Epoxy CNTs and AFs Flexural characteristics [55]

Epoxy CFs Porosity and mechanical
characteristics [72]

Epoxy Flax Fibers Mechanical properties [102]

Polyester GFs Void contents and flexural
characteristics [89]

SLA Epoxy
Glass Powder, Chopped Glass

Strand Mat, and Fiberglass
Fabric

Tensile characteristics [90]

SLS

Polyester Bamboo flour Tensile, flexural, and impact
strength [106]

PA12 Milled CFs Mechanical and thermal properties [78]

Phenol formaldehyde GFs Mechanical and electrical
properties [91]

Vacuum-assisted resin
injection Polyester GFs Water immersion on the

mechanical performance [88]

Vacuum bagging Epoxy CFs and GFs Hardness, tensile strength, and
modulus [73]

5. Conclusions

This review has provided an overview of the fabrication and mechanical character-
ization of fibrous composites for engineering applications. Fibrous composites offer a
range of desirable properties, such as high strength, stiffness, and low weight, making
them attractive for use in various engineering applications. The review highlights the
importance of proper fabrication methods and their impact on the mechanical properties of
the composites. The following are the critical observations made during the study:

• FRPCs were successfully fabricated using both conventional and additive manufac-
turing techniques. Conventional techniques, such as HL, CM, RTM, VARTM, IM, VI,
VARI, FM, and autoclave forming, and AM techniques, such as FDM, MJF, SLS, and
SLA, were used to fabricate FRPCs.

• AFs were reinforced with many polymers, such as epoxy, vinyl ester, UHMWPE,
polyetherimide, polyamide, and polypropylene, during composite fabrication.

• Polymers, such as epoxy, phenolic resin, polypropylene, polycarbonate, polyamide,
and nylon, were used to fabricate CFRP composites.

• Reinforcements were used in the form of short fibers, continuous fibers, woven fabrics,
and powders for composite fabrication.

• AF, CF, GF, and natural fiber content varied in the ranges of 5–54 wt.%, 10–64 wt.%,
30–80 wt.%, and 20–80 vol%, respectively, for composite fabrication.
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• The highest fiber loadings of 64 wt.% in CFRP composites, 80 wt.% in GFRP composites,
and 80 vol% in NFRP composites were achieved by employing the autoclave forming
process, SLA, and hybrid AM technique (FDM in combination with shape deposition
modeling), respectively.

• HL and FDM were extensively used conventional and AM techniques, respectively,
for fabricating AFRP composites.

• AM techniques, such as FFF, FDM, and SLS, were used for CFRP fabrication; however,
reports regarding the utilization of other AM techniques were not found during the
study.

• Glass fibers were also employed to fabricate hybrid composites by reinforcing them
with various natural fibers and polymer resins, such as epoxy, polyester, VE, and
phenol formaldehyde resin.

• NFRP composites were fabricated by reinforcing sisal, banana, jute, flax, bamboo,
cotton, coir, pineapple leaf, etc., with epoxy, polyester, VE, PLA, and PP resins. Natural
fibers were sometimes used in combination with synthetic fibers to fabricate hybrid
composites for structural applications.

• Fabricated composites were subject to various tests to evaluate mechanical characteris-
tics, hygro-thermal degradation, tribological characteristics, electrical characteristics,
and ballistic impact performance. The mechanical properties of fibrous composites can
be tailored by controlling various factors, such as the fiber orientation, fiber volume
fraction, and the matrix type.

• Despite the advantages of fibrous composites, there are still challenges associated with
their use, such as manufacturing costs, limited design guidelines, and difficulty in
predicting their mechanical behavior.

The field of fibrous composites is continuously evolving, and there are several future
directions and challenges that need to be addressed for their widespread use in engineering
applications.

• One future direction is to develop sustainable and eco-friendly manufacturing pro-
cesses for fibrous composites. The use of renewable resources and recyclable materials
in the production of composites could reduce their environmental impact and enhance
their sustainability.

• Another challenge is to establish standard design guidelines for fibrous composites.
The lack of design guidelines hinders their widespread use in industry, as it becomes
difficult to determine the optimal fiber-matrix combination, orientation, and thickness
for a given application.

• In addition, the development of multi-functional fibrous composites that can provide
additional functionalities, such as thermal, electrical, or magnetic properties, would
expand their range of applications.
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Nomenclature

AFs Aramid Fibers MWCNTs Multi-Wall CNTs
AM Additive Manufacturing NFRP Natural Fiber-Reinforced Polymer
BMCs Bulk Molding Compounds PA Polyamide
CFRP Carbon Fiber-Reinforced Polymer PLA Polylactic Acid
CFs Carbon Fibers PP Polypropylene
CM Compression Molding PTFE Polytetrafluoroethylene
CNTs Carbon Nanotubes RTM Resin Transfer Molding
FDM Fused Deposition Modeling SCFs Short Carbon Fibers
FFF Fused Filament Fabrication SGFs Short Glass Fibers
FRPCs Fiber-Reinforced Polymer Composites SLA Stereolithography
FW Filament Winding SLS Selective Laser Sintering
GFs Glass Fibers SMCs Sheet Molding Compounds

GFRP Glass Fiber-Reinforced Polymer UHMWPE
Ultra-High-Molecular-Weight
Polyethylene

HL Hand Lay-Up VARI Vacuum-Assisted Resin Injection

IM Injection Molding VARTM
Vacuum-Assisted Resin Transfer
Molding

LDM Liquid Deposition Modeling VE Vinyl Ester
MJF Multi-Jet Fusion VI Vacuum Infusion
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Abstract: Out-of-autoclave (OOA) manufacturing techniques for composites result in lower fibre
volume fractions than for fully compressed laminates. The lower fibre volume fraction produces
a higher resin volume fraction, which becomes resin-rich volumes (RRV). Textile reinforcements
with clustered fibres and consequent RRV generally have low strength but high in-plane process
permeability, whereas the opposite is true for uniformly distributed fibres. The inevitable increase in
resin volume fraction of OOA composites often compromises composite performance and leads to
relatively higher weight and fuel consumption in transport applications. The retention of autoclave
processing is recommended for highest performance when compression press moulding is not
appropriate (for example, for complex 3D components). The traditional autoclave processing of
composites heats not only the component to be cured but also parasitic air and the vessel insulation.
Subject to minor modifications of the pressure vessel, electrically heated tooling could be implemented.
This approach would need to balance insulation of the heated tool surface (and any heater blanket
on the counter-face) against the quenching effect during the introduction of the pressurised cool
air. This process optimisation would significantly reduce energy consumption. Additionally, the
laminate on the heated tool could be taken to the end of the dwell period before loading the autoclave,
leading to significant reductions in cure cycle times. Components could be cured simultaneously at
different temperatures provided that there are sufficient power and control circuits in the autoclave.
While autoclave processing has usually involved vacuum-bagged pre-impregnated reinforcements,
implementation of the cool-clave technique could also provide a scope for using the pressure vessel
to cure vacuum-infused composites.

Keywords: autoclave; cool-clave; vacuum; heated tooling; fibre-reinforced composites

1. Introduction

Composite materials are widely used in industrial applications due to their unique
characteristics of high-stiffness-to-weight ratio, excellent durability, chemical resistance,
and better recycling potential as compared to metallic components. High performance com-
posites, mainly used in aerospace applications, are produced in the autoclave by applying
elevated pressure and temperature [1,2]. However, autoclave processing of composites
involves long curing cycle times, expensive tooling, and high energy consumption [3,4].
As a result, there is an interest across the range of composites manufacturing processes for
cost reduction with a current focus on out-of-autoclave (OOA) processes [1,5], especially
OOA prepreg [6] and resin infusion under flexible tooling [7–9]. The OOA process involves
manufacturing composites by applying vacuum and heat outside of the autoclave, but
has limitations on the maximum laminate fibre volume fraction due to compressibility
characteristics of the reinforcement. As a result, composites manufactured by vacuum-only
processes cannot achieve high fibre volume contents, which is a primary requirement
in high performance composites for aerospace, automobile, and defence sectors. Com-
pression moulding in a hydraulic press creates limited compaction perpendicular to the
line of action of the press. The autoclave is the best process for consolidation of complex
three-dimensional components, but suffers from several limitations: (a) pre-impregnated
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(prepreg) reinforcements incur a high-cost premium, (b) high energy input for heating
and air circulation: flow speeds in the range 1.4–2.1 m/s [5], (c) non-uniform heating of
the components in the vessel due to turbulent flow, windward vs. leeward location, flow
stagnation and consequent temperature differences, (d) thermal lag due to the tool or
consumables between the heat source and the composite, and (e) long cycle times, which
may be a “bottleneck” constraint [10,11].

However, with minor modifications of the pressure vessel, there is potential to improve
the efficiency of autoclave processes. The traditional autoclave not only heats the composite
parts to be cured but also inert gasses and vessel insulation. Significant energy savings can
result from using electrically heated tooling to only heat the essential parts of the process
(the tool and composite), and by cool-air pressurisation of composites [12]. Further to the
potential for significant reductions in energy consumption, the laminate on the heated
tool could be taken to the end of the dwell period before loading the autoclave, leading
to significant reductions in cycle times. Autoclave loading efficiency could be improved
by curing different composite systems simultaneously with the composites brought to
their respective curing temperatures before loading the autoclave, provided there are
sufficient power and control circuits in the autoclave, which would further enhance process
efficiency [12].

This paper critically reviews the technique of using heated tooling in the autoclave to
enhance the energy- and cost-efficiency of autoclave process, designated as the ‘cool-clave’
technique.

2. Autoclave

Autoclaves have become indispensable equipment to process high-quality polymer
composite materials for structural industries, such as aerospace, automotive, and defence
sectors [13]. Today, for example, in the aircraft industry, investments in such equipment
are strategically important. Autoclaves are now being used to produce very large aircraft
components, such as wing and fuselage sections. They can process a wide variety of
materials, including thermoset [14] and thermoplastic [15]-based composite parts with
varying contours and complex shapes.

The quality requirements of the present high-performance composites for aerospace/
defence industries are indeed more stringent. Additionally, there is an urgent requirement
to improve the efficiency and cost-effectiveness of high-performance structural composites,
along with ensuring reliable and consistent processing methods. Therefore, it is imperative
for autoclave design engineers to take into consideration different governing criteria to
address the diverse and complex requirements for developing state-of-the-art autoclave
systems. In addition to handling a wide variety of consumables, modern autoclaves must
respect health and safety requirements [16] and ensure minimum maintenance costs.

Autoclaves are closed pressure vessels used to manufacture high performance com-
posite components. Uncured composites are moulded in an autoclave typically heated
using inert gases, such as carbon dioxide or nitrogen, thus allowing the transfer of heat and
pressure to the composite component for consolidation and allowing it to cure firmly and
uniformly. The application of pressure for consolidation of composites in an autoclave helps
in reducing porosity and voids, retains shape around the mould, and enables better control
to maintain a higher fibre volume fraction in composite components [17]. The autoclave
process draws many similarities with hot pressing technique; however, the main difference
pertains to the way heat and pressure are applied [18]. The autoclave operating parameters,
such as temperature and pressure are based on the resin systems used. Generally, epoxy
resins require temperatures < 200 ◦C and pressures of 0.7 MPa [17].

Figure 1 shows the internal chamber of the Aeroform autoclave located in the compos-
ites manufacturing laboratory at the University of Plymouth. Surrounding the main internal
area is a metal inner case which shields the components being cured from twelve electric
heating elements positioned at intervals around the chamber’s circumference. Behind the
heating elements is a layer of thermal insulation, protected by sheet metal. As the autoclave
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walls are made up of quality carbon steel, up to 150 mm on some autoclaves [17,18], they act
as a heat sink. The insulation is designed to minimise heat transfer from the main chamber
to the autoclave walls. The insulation commonly used consists of refractory ceramics or
fibreglass insulation. The insulation prevents excess energy loss and is designed to keep
the autoclave outer walls down to a maximum temperature of 60 ◦C.

Figure 1. Internal chamber of 0.67 m working diameter Aeroform autoclave at the University
of Plymouth.

The design of autoclave systems is multidisciplinary in nature and encompasses
mechanical, process control, and instrumentation engineering. Invariably, the state-of-the-
art autoclave systems are completely computer-controlled and are semi- or fully automated.
The computer controls of these modern autoclaves are required to execute the selected
cure cycle by sequentially starting various subsystems, download set values at regular
time intervals to the front-end controllers, acquire, store, and archive the data, monitor
cure status and faults, generate alarms, and perform the functions of sequential shut down
and reporting [19]. Ease of maintenance, fail-safe operation, and reliability are among the
key drivers in modern autoclaves. The low cost of ownership also needs to be considered
in today’s context [17]. In recent years, there has been an increasing demand to enhance
the service temperature of high performance structural composite components, invariably
leading to higher curing temperature and pressure requirements in the order of 300 to
350 ◦C and up to 1.5 MPa. This necessitates the development of high temperature and high-
pressure autoclave systems, which presents a new set of challenges such as the handling of
massive door and locking systems, temperature uniformity, special material requirements
for door and shell flanges, fabrication, transportation, and, most importantly, low cost and
maintenance requirements [17,19].

2.1. Autoclave Moulding

In an autoclave moulding, isostatic pressure is applied to the composite component
on a vacuum bagged mould prior to applying heat/vacuum/pressure to compact the
composite material. The intimacy of contact between the composite and mould therefore
depends on the magnitude of the applied pressure. Pre-impregnated (prepreg) reinforce-
ments cured by autoclave processing are first covered in peel-ply, with bleeders used to
draw out excess air and to soak up excess resin while curing (unless the system is intended
for zero-bleed), prior to vacuum bagging, as this allows for the manufacturing of composite
components with a high-quality surface finish. During autoclave processing, engineers
adjust the process by maximising air expulsion and minimising excess resin flow. Curing
pressures typically ranges between 3–12 MPa [20,21]. Prepreg reinforcements are generally
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used as they offer good processability. The fundamental components of an autoclave
moulding process are shown in Figure 2.

Figure 2. Fundamental components of an Autoclave process (redrawn from [20]).

Autoclave manufacturing is generally a 3-stage process. In the first stage, the vacuum
is applied until the desired temperature is reached for composite consolidation. The ramped
heating enables resin viscosity to gradually decrease, as well as allowing for the release
of volatiles and air bubbles. The reduced viscosity of the resin simultaneously improves
wetting of the fibres and resin flow, which in turn facilities movements of volatiles and air
bubbles. In the second stage, after a suitable dwell period, the consolidation pressure is
applied. The final stage raises temperature to post-cure the composite, following which the
resin viscosity stabilises and the material starts to cure [20]. A typical autoclave moulding
bagging mechanism is further illustrated in Figure 3.

Figure 3. A typical autoclave moulding bagging mechanism.

In thermoset resins, curing is a chemical cross-linking process that is very crucial for
optimum performance of thermoset matrix composites. For thermoplastic matrix compos-
ites, autoclave consolidation is achieved at high temperatures and bagging materials, and
techniques used for thermoset composites are adapted to suit thermoplastics [22].

Autoclave moulding process comprises the following advantages [23]:
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(a) Applicable to both thermosetting and thermoplastic fibre-reinforced composites
(b) Facilitates better inter-layer adhesion
(c) Enables good fibre wetting
(d) Enables higher uniformity in composite solidification
(e) Supports superior fibre volume fraction in composite component
(f) Reduced void content in the composite due to the vacuum/pressure
(g) Facilitates manufacturing composite parts with high strength-to-weight ratio

The benefits of the autoclave are that the heat and pressure deliver high performance
components for the composite industry, to compete with and replace metal components.
Therefore, lightweight components, for example composite motor vehicle parts, can achieve
higher efficiencies. In this scenario, engines will require less torque and fuel than when
used to move a heavy metal structure. The disadvantages include high capital cost of
the machine, and non-flexible and poor heat transfer efficiency. To heat the composite
component, it is normal to parasitically heat all the air in the pressure vessel and the thermal
insulation of the vessel. Most of the energy that is put into the system is taken up by the
heater, therefore creating a higher consumption of energy. Other disadvantages include
higher waiting times due to slow ramp rates and longer curing cycles [24].

2.2. Heating and Air-Circulation System in an Autoclave

Forced gas circulation systems using nitrogen or carbon dioxide are most commonly
used in autoclaves. The air circulation system consists of a centrifugal blower and ducting
system. The heating elements are placed around the impeller. The centrifugal blower takes
in gas axially and discharges it radially to pass over the heating elements at a velocity
of 1–2 m/s at ambient conditions. The air circulation system also helps in accelerating
the cooling process by removing the gas from the outer surface of the cooling tubes at an
increasing rate. Modern autoclaves are mechanised with a flange-mounted blower motor
encased within a pressure-tight casing and connected to the rear of the autoclave. This
enables the motor rotor, stator, and the mechanical components, for example, bearings
to directly encounter the autoclave pressure. Power ratings of a typical autoclave range
between 100 to 150 kW [17].

Heating system in autoclaves are either electrically controlled or controlled by indirect
gas firing (circulating externally heated or cooled thermic fluid). However, the majority of
the autoclaves are electrically heated, as these systems are cleaner and more compatible
to modern computer control systems and provide better control of autoclave temperature.
The electrical heating requirement in an autoclave is based on the charge and resin system
requirements for the cure cycle. For example, a typical 4.5-m diameter × 9-m length
autoclave requires a heating capacity of approximately 1 MW. Heating elements, typically
ranging between 5–10 kW, are usually manufactured using nichrome/kanthal filament
with an outer sheath of steel grouped together in banks and connected in star or delta
configuration [17]. The air circulation and heating system of a typical autoclave is illustrated
in Figure 4.

Figure 4. Schematic of air circulation and heating system in a typical autoclave (redrawn from [17]).
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2.3. Pressurization and Cooling System

The pressurization systems in an autoclave ensure that the required pressurization rate
is maintained during autoclave processing of composites. The average pressurization rate in
modern autoclaves is 0.2 MPa/min [17]. Many modern autoclaves are nitrogen-pressurized
instead of air-pressurized since autoclave cure consumables are highly inflammable in
air medium due to the presence of oxygen. The pressurization system in an autoclave
consists of a primary compressor, booster compressor, storage tanks, and piping circuitry.
The primary compressor takes in air from the atmosphere and pressurizes it to 0.7 MPa.
The booster compressor further pressurizes the air to high pressure (typically in the range
between 1.7–2.2 MPa) in order to create sufficient pressure differentials to attain the required
pressurization rate. In nitrogen-pressurized autoclaves, the nitrogen plant receives the air
from the primary compressor at 0.7 MPa pressure and isolates nitrogen from atmospheric
air by a process called Pressure Swing Adsorption (PSA) [17], which can produce nitrogen
in the order of 99% purity suitable for curing polymeric composite materials. Nitrogen is
then pressurized by the booster compressor to meet the required pressurization rate and
purged into the chamber [17]. In Figure 5, the cooling and pressurization system used in
modern autoclaves is schematically represented.

Figure 5. Schematic of cooling and pressurization system in an autoclave (redrawn from [17]).

Autoclave processing requires variable cooling rates based on the resin system used.
Other variables affecting the cooling system are (a) temperature difference between the
autoclave ambient and cooling medium, (b) flow rate of cooling medium, (c) area of heat
transfer, (d) type of flow of cooling medium—parallel or cross flow, (e) conductivity of
cooling coil material, and (f) velocity of autoclave medium across heat exchanger. The
cooling rate in an autoclave is controlled by varying the flow of cooling fluid. In some
autoclaves, both air and water are used as the cooling medium. In autoclaves, a closed loop
cooling system is generally employed to prevent excess use of water. Liquid nitrogen is
also used for faster cooling. A major challenge in designing cooling system for autoclaves
is how fast and effectively the cooling medium can be drained from the autoclave heat
exchanger, as any delay in draining the cooling medium from heat exchanger can lead
to loss of heat during the heating phase and damage to the heat exchanger tubes. In the
water-based cooling system of autoclaves, the simplest way of draining the water is to
provide a sump just below the autoclave heat exchanger and then pump back the water to
the cooling water sump. This process helps in reducing wastage of water and at the same
time also prevents the steam from entering the cooling tower [17].
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2.4. Vacuum System

Figure 6 illustrates the vacuum system of a typical autoclave. The main components
of vacuum system in modern autoclaves are vacuum pumps, vacuum reservoirs, buffer
tanks, suction, and measurement lines. All modern autoclaves must include an adequate
number of vacuum ports and must also have the capacity to maintain different levels
of vacuum in different bagging systems simultaneously. Therefore, vacuum pumps and
reservoirs in an autoclave must have adequate buffer capacity. For example, vacuum pump
with minimum capacity of 7 m3/h is necessary for a bagging area of approximately 1 m2.
Generally, a 4.5 m × 9 m autoclave can have approximately 60 measurement and suction
lines. Correspondingly, the pump capacity ranges to about 180 m3/h with a reservoir
capacity of 6 m3. Vacuum requirement ranges between 667–26,664 × 10−6 MPa based on
the curing system [17].

Figure 6. Schematic of vacuum system in a typical autoclave (redrawn from [17]).

2.5. Loading System

The loading system in an autoclave facilitates positioning of composite components or
moulds to be cured. A loading crab was used to move the loading platform in an autoclave.
Generally, autoclaves are installed in a pit with the top surface of the loading platform in
flush with the floor for convenience in loading components. A loading bridge is generally
deployed to bridge the gap between autoclave door and pit.

2.6. Electrical and Control System

Electrical and control systems in autoclaves play a key role in ensuring safe operation
for reliable processing and curing of composite components. The electrical and control
system of autoclaves should be robust enough to be able to provide necessary feedback
signals and respond to various commands for processing [25]. Autoclaves are generally
built with computer system, serial port servers, power supplies, sensors, and are generally
resilient enough to be able to operate even if one or more components fail. Electrical and
control systems in autoclaves are in-built with capabilities to be operated in multiple modes
of operations, for examples, automatic, semi-automatic, or in manually operational mode.
The control system generally consists of PID (proportional integral derivative) controllers,
set temperature, and vacuum and pressure levels. PLC (programmable logic controllers)
are used to ensure safe interlocking, sequential operation, status, and alarm display. All
the components are generally connected to a server and computer-controlled via ethernet
links. The communication system used in autoclaves includes RS485, USB, and ethernet
connection [26].
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3. Cool-Clave Technique

Autoclave processing is used to manufacture high performance composites, but over-
all, the process is very expensive and requires high energy consumption. In a traditional
autoclave, the process not only heats up the composite to be consolidated but also any
parasitic air and vessel insulation requiring high energy usage. Additionally, autoclave
processing is normally used to consolidate vacuum-bagged pre-impregnated reinforce-
ments. Prepreg materials require freezer storage, and the separate impregnation stage
incurs further costs. The cool-clave technique has the potential to achieve autoclave con-
solidation of fibre-reinforced composites by enhancing the energy- and cost-efficiency: (a)
without heating parasitic materials (hence saving energy), (b) with shorter cycle times
(hence increased production rate), (c) without prepreg, i.e., using infused laminates (for
lower cost). A schematic of the cool-clave technique with the bagging process is illustrated
in Figure 7.

Figure 7. Schematic of cool-clave processing technique.

Implementation of the cool-clave technique for autoclave consolidation of composites
could generate significant cost and energy savings. The equipment required for the cool-
clave process consists of:

• pressure vessel (autoclave)
• heated mould tool and control unit
• efficient thermal insulation of the bagged component

Prudham and Summerscales [27] investigated the cool-clave processing technique
using the autoclave at the University of Plymouth. The autoclave was used as a pressure
vessel, without using the heating aspect of the system. The heat, required for curing, was
provided by a mould tool with built-in heating elements. Figure 8 demonstrates the heated
mould tool used for the cool-clave processing.

For implementation of the cool-clave processing technique, temperature uniformity
across the face of the mould tool is crucial [18]. During the initial stages of the cure cycle,
dwell periods are often used, where the laminate is held at a temperature lower than
the curing temperature for a set period of time. This increase in temperature lowers the
viscosity of the resin, allowing it to flow. Together with low pressure, the volatiles trapped
within the laminate are forced out, thus reducing voids. If the viscosity of the resin is too
high it will not flow, trapping the volatiles within the laminate, or if too low, then the resin
will flow too much, creating areas of resin starvation. It is important that the temperature
across the face of the mould tool remains relatively uniform to maintain uniform viscosity
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of the resin. Therefore, Prudham [18] performed thermal imaging of the mould tool to gain
insight into the temperature uniformity across the mould tool surface. Figure 9 shows the
thermal imaging of the mould tool surface performed by Prudham [18].

 

Figure 8. Heated mould tool used for cool-clave processing (acquired with permission from [18]).

Figure 9. Thermal imaging of mould tool surface (acquired with permission from [18]).

The results indicated discrepancy between temperatures recorded by the mould tools
built-in thermocouple and the temperatures recorded during thermal imaging technique.
A greater heat loss near to the edges of the mould tool was recorded by thermal imaging
with a maximum temperature difference across the main region of the mould tool being in
the range from 5 ◦C horizontally and 7 ◦C vertically [18] in the image.

From the thermal imaging results, it was concluded that the mould tool would be
suitable for cool-clave processing, demonstrating a convective heat transfer across the
surface [18]. Greater heat loss across the edges of the mould tool surface was explained by
in-plane anisotropic thermal conductivity of carbon fibre-reinforced epoxy composite used
in the study [18,28]. The tests highlighted the need for adequate insulation of the mould
tool during the manufacturing stage to prevent greater heat losses as recorded during
thermal imaging [18].

A Thermal Insulation Hud (TIH) was constructed to prevent any convective heat
loss from the mould tool which would encase the mould tool, allowing vacuum and
thermocouple connections but limiting convective heat transfer [18]. One of the main
challenges of the cool-clave technique was how to get power to the heated mould tool
inside the autoclave. The electrical supply used to power the heated mould tool was
provided by a power transformer controlled by an ‘IMO’ PID controller by using a pre-

37



J. Compos. Sci. 2023, 7, 82

existing access hole on the autoclave chamber, plugged together with a specially made
fitting encompassing the electrical wires providing the pressure tight seal required [18]. A
schematic of the power supply mechanism for the heated mould tool inside the autoclave
is shown in Figure 10.

Figure 10. Schematic of the power-supply mechanism for the heated mould tool inside the autoclave
chamber (redrawn from [18]).

3.1. Analysis of Energy Consumption between a Traditional Autoclave and Cool-Clave Technique

The main sources of energy consumption in a traditional autoclave and cool-clave
process are compressor, and main controls (for both processes), heating elements in tradi-
tional autoclave, and heated mould tool in the cool-clave process. The principal objective
behind cool-clave process is to achieve autoclave consolidation of composite laminates
but being more energy- and cost-efficient. Prudham and Summerscales [27] quantified
the energy consumption in a cool-clave processing technique during a defined cure cycle
and compared it with a traditional autoclave process. The energy consumption by control
units and compressor was deemed to be approximately equal for the traditional autoclave
processing and cool-clave technique, as both processes require the autoclave to run with a
pressurised chamber. To make a clear distinction between the energy consumption of both
processes, the amount of energy required to provide heat during a defined curing cycle
was evaluated [27]. The results demonstrated a 35% reduction in energy requirement for
heating the laminate when replacing the vessel heaters with heated tooling [27].

The cure cycle in a trditional autoclave requires the component to enter the vessel
at time 0 to start the dwell stage. Figure 11a illustrates a traditional autoclave cure cycle.
Following thermodynamic analysis based on a traditional autoclave cure cycle, the total
energy consumption reported by Prudham and Summerscales [27] was 3620 kJ. Table 1
further illustrates the results demonstrated in the study [27]. The cycle that an autoclave
goes through to cure a laminate was split into six phases for the process of analysis. The
analysis was carried out assuming the cure cycle of a 12.7 mm thick Cytec Cycom 5216
epoxy prepreg [27].

1. heat from room temperature (20 ◦C) up to 80 ◦C
2. pressurisation of autoclave at 80 ◦C to 0.7 MPa (gauge)
3. reheat to 80 ◦C to compensate for the temperature drop during pressurisation
4. hold temperature for 30 min
5. heat from 80 ◦C up to 130 ◦C
6. hold temperature for 95 min
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Figure 11. (a) Traditional autoclave cure cycle, (b) cure cycle for cool-clave processing (redrawn
from [29]).

Table 1. Estimated energy consumption of a traditional autoclave cure cycle (reproduced from
[12,27]).

Phase
Start Temperature

(◦C)
Final Temperature

(◦C)
Energy Consumed

(kJ)

1 20 80 157.5
2 80 27.7 0
3 27.7 80 1061
4 80 80 306.4
5 80 130 1014.2
6 130 130 1081.2

Total energy consumed 3620.3

The total volume of pressurised gas inside the autoclave chamber was estimated to be
1 cubic metre through thermodynamic analysis [27], which was comprised of the cylindrical
working space of the autoclave, annular heating channels, and domed ends.

Figure 11b illustrates the cure cycle for cool-clave processing technique [29]. In the
proposed cool-clave cure cycle, the component can complete the dwell period and reach
full heat prior to entering the vessel. This reduces the time required to be inside the
vessel, thus increasing the production rate of components. Additionally, quality is key for
acquiring the highest possible safety while minimising costs. Composites are excellent
for tailoring for the loads and areas with stress concentrations and can provide tailorable
tensile strength [29,30].

With the proposed method, the cycle times in industrial production line can be signifi-
cantly reduced, which can bring a number of benefits, such as [29]:

1. load the autoclave after the dwell period
2. higher productivity
3. optimise profit potential
4. cure multiple components with different temperatures and cycle times
5. increase in the potential of new innovative products
6. less energy required for the process, a possibility of the use of clean energy

Following cool-clave processing using the heated mould tool technique, the maximum
energy consumption based on processing of three Cytec Cycom 5216 560 gsm non-crimp
glass fibre-reinforced epoxy composites with ~50% fibre volume fractions was estimated to
be 2340 kJ, demonstrating a 35% reduction in energy consumption [12,27].

3.2. Consolidating Resin-Infused Laminates inside Autoclave

Lewin [31] conducted initial experiments as a brief feasibility study to investigate the
possibility of consolidating resin-infused laminates inside an autoclave following RIFT II
(Resin Infusion under Flexible Tooling) manufacturing outside the autoclave. Laminate
(Plate E) properties were compared with laminates manufactured using hand lamination
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with edge dams to constrain the flow of the infusion resin (Plate A), resin infusion under
flexible tooling with a flow medium (RIFT II) and 0.03 MPa (Plate B), 0.06 MPa (Plate
C), or 0.09 MPa (Plate D) net pressure [12,31]. Each laminate was manufactured using
270 gsm plain woven glass fabric-infused with IP2 polyester infusion resin (initial viscosity
1600 mPa.s at 25 ◦C, according to the manufacturer’s datasheet) and 2% Butanox M50
MEKP catalyst by weight [12]. Laminate characterisation was performed by undertaking
(a) resin burn-off for fibre volume fraction (Vf), (b) tensile properties (BS EN ISO 527-4),
(c) flexural properties (BS EN ISO 14125 Class III), (d) inter-laminar shear strength (ILSS,
BS EN ISO 14130), and (e) surface-breaking voids (SBV) by filling voids with carbon dust,
followed by image processing and analysis with ImageJ software. The results are presented
in Table 2.

Table 2. Results from each laminate characterization tests [31].

Property Units
Laminates

A B C D E

Process
Hand
lay-up RIFT II RIFT II RIFT II Autoclave

Net pressure MPa 0 0.03 0.06 0.09 0.586

Plate thickness mm 2.34 ± 0.06 2.09 ± 0.04 2.03 ± 0.05 1.94 ± 0.02 1.93 ± 0.03

Vf (thickness) % 40.8 45.7 47.0 49.3 49.6

Vf (burn-off) % 42.0 46.5 46.7 48.1 50.9

Young’s
modulus

GPa 21.9 ± 0.6 23.7 ± 0.3 24.5 ± 0.6 24.9 ± 0.4 25.0 ± 0.2

Flex. modulus
40 mm span

GPa 18.7 ± 0.4 19.8 ± 0.5 19.8 ± 0.5 21.1 ± 0.5 22.4 ± 0.4

Flex. modulus
48 mm span

GPa 17.3 ± 0.2 19.0 ± 0.3 18.8 ± 1.0 20.4 ± 0.3 20.9 ± 0.7

Tensile strength MPa 384 ± 15 416 ± 20 426 ± 26 452 ± 31 478 ± 24

Flexural
strength

MPa 558 ± 7 578 ± 13 586 ± 11 599 ± 21 608 ± 13

ILSS
10.0 mm span

MPa 56.4 ± 0.8 53.5 ± 1.3 54.1 ± 1.4 53.4 ± 1.6 52.5 ± 1.1

ILSS
11.4 mm span

MPa 52.5 ± 1.7 49.9 ± 1.7 51.2 ± 0.6 46.6 ± 0.9 48.7 ± 1.0

SBV area % 1.9 2.4 1.4 0.3 0.02

The fibre volume fraction, elastic moduli, and tensile and flexural strengths all in-
creased with increasing net pressure during manufacturing. The ILSS decreased with
increasing fibre volume fraction. The minimal gain in fibre volume fraction for Panel E was
attributed to insufficient volume for resin bleed, with the possibility of a greater increase
for an optimised process [12,31].

Stringer [32] identified 7500–16,500 mPa.s as an optimum processing window for
application of vacuum for void-free high fibre volume fraction composites manufactured
by wet lamination and vacuum bagging techniques. Therefore, with some adaptation of the
autoclave pressure vessel, it might be practical to load the vacuum-bagged dry composite
into the autoclave, then infuse and cure in situ. Preparation outside the autoclave would
permit shorter autoclave cure cycles and better utilisation of the pressure vessel [12].

Improved Autoclave Process for Resin-Infused Laminates

Experiments conducted by Wilkinson [33] with a dry fabric reservoir inside the bag
and with both the inlet and outlet pipes clamped gave no significant change in fibre volume
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fraction (demonstrating only 0.26% increase) when compared to plates cured at ambient
pressure. Subsequent tests used no reservoir material with the resin inlet clamped, while
the resin outlet was vented to atmosphere during autoclave consolidation, demonstrating
an 8.6% increase in fibre volume fraction [12,31,33].

After infusion, plates were subjected to (a) vacuum-bag only pressure, (b) 0.31 MPa
pressure in the autoclave, or (c) 0.59 MPa pressure in the autoclave. Further laminates were
prepared and pressurised after a dwell period to study the effect of viscosity at the time,
and pressure was applied for the four times identified by the viscosity tests. The results are
illustrated in Table 3.

Table 3. Summary of data obtained from laminates manufactured by outlet pipe vented to air [33].

Property Units Infusion 3.1/0.0 5.9/0.0 5.9/39.5 5.9/45 5.9/48.3

Ext. pressure MPa 0.0 3.1 × 10−4 5.9 × 10−4 5.9 × 10−4 5.9 × 10−4 5.9 × 10−4

Dwell time min 0.0 0.0 0.0 39.5 45 48.3

Plate thickness μm 2040 ± 51 1890 ± 3 1780 ± 16 1880 ± 1 1930 ± 11 1980 ± 1

Vf (thickness) % 51.9 ± 1 56.1 ± 0.1 59.3 ± 0.5 56.3 ± 0.0 54.7 ± 0.3 53.6 ± 0.0

Vf (burn-off) % 52.3 56.4 60.9 56.7 54.3 52.4

Flexural
modulus

GPa 20.5 ± 0.4 25.6 ± 0.9 28.4 ± 0.9 26.4 ± 0.7 25.4 ± 0.5 24.0 ± 1.0

Flexural
strength

MPa 347 ± 14 384 ± 16 415 ± 20 391 ± 14 383 ± 10 364 ± 12

ILSS MPa 41.0 ± 1.9 44.5 ± 2.5 41.5 ± 2.5 42.5 ± 3.4 43.2 ± 1.8 42.4 ± 1.7

At constant consolidation pressure, delaying the consolidation resulted in a lower fibre
volume fraction in the composite panel. Flexural strength increased with increasing consoli-
dation pressure. Increased viscosity limited the quantity of resin expelled from the laminate,
reduced the fibre volume fraction, and resulted in lower mechanical properties [33].

4. Conclusions

The out-of-autoclave manufacturing technique has limitations over maximum achiev-
able fibre volume fraction in composites due to compressibility characteristics of the re-
inforcement material. Lower fibre volume fraction inevitably results in increased matrix
volume fraction and consequent resin-rich volumes. Fibre clustering and RRV cause re-
ductions in composite strength. Autoclave processing of composites is required to achieve
the highest performance composites systems for industrial applications in the aerospace,
automotive, and defence sectors.

Energy savings can result from decoupling the heat and pressure during the autoclave
processing of composites. The use of electrically heated mould tools could eliminate heating
of the parasitic systems (pressure vessel walls, insulation, and heat transfer gasses). The
consolidation pressure can then be supplied using cool air.

The adoption of heated tooling in the cool-clave technique to achieve autoclave con-
solidation of composites can significantly reduce process cycle times, as the composites can
be taken to the end of dwell period before loading the pressure vessel.

The use of resin infusion, rather than expensive pre-impregnated reinforcements, re-
moves the need for the separate impregnation stage and elimination of power requirements
for freezer storage of prepreg materials. Autoclave loading efficiency could be improved
by curing different composite systems simultaneously with the composites brought to their
respective curing temperatures before loading the autoclave, which would further enhance
process efficiency.
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Abstract: Carbon fiber reinforced polymers (CFRPs) are attractive engineering materials in the mod-
ern aerospace industry, but possess extremely poor machinability because of their inherent anisotropy
and heterogeneity. Although substantial research work has been conducted to understand the drilling
behavior of CFRPs, some critical aspects related to the machining temperature development and
its correlations with the process parameters still need to be addressed. The present paper aims to
characterize the temperature variation and evolution during the CFRP drilling using diamond-coated
candlestick and step tools. Progression of the composite drilling temperatures was recorded using an
infrared thermography camera, and the hole quality was assessed in terms of surface morphologies
and hole diameters. The results indicate that the maximum drilling temperature tends to be reached
when the drill edges are fully engaged into the composite workpiece. Then it drops sharply as the
tool tends to exit the last fiber plies. Lower cutting speeds and lower feed rates are found to favor
the reduction of the maximum composite drilling temperature, thus reducing the risk of the matrix
glass transition. The candlestick drill promotes lower magnitudes of drilling temperatures, while the
step drill yields better surface morphologies and more consistent hole diameters due to the reaming
effects of its secondary step edges.

Keywords: CFRP composites; drilling process; special drills; machining temperatures; hole quality

1. Introduction

In recent decades, carbon fiber reinforced polymers (CFRPs) have been receiving
immense attention in diverse engineering fields due to their superior properties and unique
functionality [1–4]. This can be seen by their widespread applications for fabricating the
main load-bearing components in the modern aerospace industries. For instance, CFRPs
are extensively used in the wing boxes, horizontal and vertical stabilizers, and wing panels
of large commercial aircrafts, such as Airbus A380 and Boeing 787 [4,5]. Generally, CFRPs
feature two typical constituents, namely reinforcing fibers and an impregnating matrix,
which show completely disparate behaviors [2,6]. The composites are characterized by
high specific mechanical/physical properties, being a promising alternative to conventional
metallic alloys and steels. Contrary to isotopic materials, CFRP composites generally exhibit
a heterogeneous structure and anisotropic behavior, being regarded as a rather difficult-
to-cut material. Although most CFRP components are fabricated to near-net shapes by
molding processes, mechanical machining has become a compulsory operation in order
to achieve desired dimensional accuracy and target quality attributes for final composite
products [7–10]. However, the inherent anisotropy and heterogeneity of fibrous composites
complicate the chip separation process and tend to cause extremely undesirable machining
consequences such as severe surface damage, rapid tool wear, increased cutting costs.
Meanwhile, the machinability of CFRPs is fiber-orientation dependent, owing to the varying
fiber fracture mechanisms associated with the fiber cutting angle. It has been reported by

J. Compos. Sci. 2022, 6, 45. https://doi.org/10.3390/jcs6020045 https://www.mdpi.com/journal/jcs
44



J. Compos. Sci. 2022, 6, 45

previous investigations that interrelated chip separation modes such as bending-induced
fractures, shear-induced fractures, fiber buckling, and interfacial debonding occur for
the cutting of fibrous composites [11–14]. These unique characteristics result in the poor
machinability of CFRP materials, posing tremendous challenges to modern manufacturing
sectors. Among the secondary machining operations, drilling is the most frequently-used
operation for the cutting of CFRPs due to the need to create boreholes for assembling
different composite parts into final products. It is roughly estimated that the range of the
number of holes required by a commercial aircraft is up to 1.5–3 million, while a jet fighter
requires as many as 300,000 holes [4,6]. Thus, from the manufacturers’ point of view, the
drilling process becomes essential in the final acceptance of composite parts. However,
it is rather challenging to drill CFRPs with desired hole quality and target dimensional
accuracy. This is due to the varying chip removal modes associated with the changeable
fiber cutting angle and the high abrasiveness of the reinforcing fibers. Some of the critical
issues encountered in CFRP drilling include drilling-induced delamination, glass transition
failure of the composite matrix, poor dimensional accuracy, rapid tool wear, etc. Apart
from the mechanical force effects, cutting heat and resulting temperature development also
play a vital role in the surface integrity of CFRP materials. In particular, high temperatures
can be easily accessed in the drilling processes due to the semi-enclosed environment of the
chip separation, leading to poor heat dissipation. Excessive drilling temperatures promoted
at the tool–composite interface can cause severe degradations of the composite properties,
debonding of the fiber-matrix interfaces, and the glass transition of the matrix base [15–18].
Therefore, studies dealing with temperature initiation and progression are very meaningful
to achieve active control of the thermal effects for the drilling of CFRP materials.

To address the drilling issues of CFRPs, a large amount of research work has been
carried out worldwide by scholars [10,19–35], covering a variety of aspects involving
drilling forces, drilling-induced damages, tool wear, etc. Some drilling-induced damage,
including delamination, hole dimensional inaccuracy, surface roughness, fiber pullouts,
and uncut fibers, have been investigated in the scientific literature [19,20]. For instance,
Davim and Reis [21,22] were among the earliest to deal with the drilling behavior of CFRP
composite laminates. In their work, the correlations between the cutting velocity and feed
rate with the machining power, specific cutting pressure, and delamination factor were
established. The authors stated that both the cutting speed and the feed rate positively
affected the progression of the delamination factor, and the use of brad spur drills favored
the reduction of drilling-induced delamination. Bonnet et al. [24] studied the local feed
force and its consequences on the exit hole damage during CFRP drilling. It was found that
the fiber cutting modes changed dynamically with the composite sequence, and the local
feed forces generated on the hole bottom could be correlated with the delaminating aspects.
Su et al. [28] addressed the thrust forces and delamination issues when drilling CFRPs
using a tapered drill-reamer and found that the drilling parameters significantly affected
the maximum thrust force measured in the drilling stage instead of the reaming stage.
Ameur et al. [29] conducted drilling studies on CFRP materials using different types of tool
materials. The authors stated that both the drilling thrust force and the delamination factor
were primarily influenced by the tool material and the feed rate, while the hole cylindricity
errors were mainly affected by the spindle speed. Rawat and Attia [31] studied the wear
behavior of carbide tools during the high-speed drilling of CFRP laminates, and observed
that chipping and abrasion were the main wear modes controlling the deterioration of
carbide drills. Faraz et al. [32] highlighted the wear phenomenon of cutting-edge rounding
(CER) for CFRP drilling and introduced the CER value for the quantification of drill wear.
Wang et al. [33] investigated the wear progression of coated tools while drilling CFRP
laminates. The authors pointed out that the dominant wear type was dulling or blunting of
the cutting edge during CFRP drilling. The use of a diamond coating could significantly
reduce the edge rounding wear, while the AlTiN coating failed to protect the drill due to
its oxidation during machining. A critical review conducted by Ismail et al. [34] offered a
clear understanding of the current advances in drilling composite materials, which focused
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on the aspects of tool geometries, materials, and parametric designs. Fu et al. [35] and
Kubher et al. [36] investigated the temperature characteristics in drilling unidirectional
(UD) and multidirectional (MD) CFRPs. Due to the associated temperature effects, utilizing
MD CFRPs could result in more difficulties in achieving high drilling qualities than UD
CFRPs at certain fiber cutting angles. Through the literature survey, although substantial
research work has been conducted to understand the drilling behavior of CFRP composites,
most of the studies are focused on the analysis of force-related effects, such as drilling
thrust forces, delamination damage, hole quality, and tool wear issues. Even though there
are some papers that have already addressed the temperature issues for CFRPs, very
limited literature has been reported to deal with the temperature variations in drilling
high-strength CFRPs with special drills. Moreover, some critical issues related to the
machining temperature development and its correlations with the drilling parameters
still need to be carefully addressed. Hence, the current work performed in the paper can
supplement expertise and knowledge regarding the drilling temperature issues for high-
strength CFRP composites. Its novelty lies in identifying the evolution law of the drilling
temperature following the entire composite machining operation and in clarifying the
parametric effects on the temperature development. Moreover, a particular focus is placed
on the evaluation of different special drills for CFRP drilling and on the quantification
of hole geometrical accuracy under varying drilling conditions. The experimental results
were discussed with respect to the process parameters used. The paper is intended to offer
a better understanding of the thermal behavior of CFRP laminates when subjected to the
drilling operation.

2. Experimental Procedures

In the present work, machining studies were conducted on the multidirectional CFRP
laminates fabricated by high-strength T700 carbon fibers and FRD-YZR-03 epoxy resin.
The main composition and basic mechanical properties of the examined CFRP laminates
are summarized in Tables 1 and 2, respectively. The composite plate had a total size of
300 mm (length) × 200 mm (width) × 6.60 mm (thickness), which was fabricated by the
hand lay-up molding technology. The drilling experiments were performed on a DMU 70 V
CNC machining center following a full factorial design of experiments by using candlestick
and step drills. The experimental setup for the drilling tests is shown in Figure 1. The input
process parameters consist of three levels for the cutting speed (Vc = 40, 80, and 120 m/min)
and three levels for the feed rate (f = 0.06, 0.09, and 0.12 mm/rev).

Table 1. The composition of the used CFRP composite.

Reinforcement Matrix Base Fiber Volume Fraction Fiber Bundles

T700 carbon fibers FRD-YZR-03 epoxy 60% 7 μm, 12 K

Table 2. The mechanical properties of the used CFRP composite.

Tensile
Modulus

Tensile
Strength

Poisson’s
Ratio, ν

Flexural
Modulus

Flexural
Strength

Shear Strength
Glass Transition

Temperature

240 GPa 4900 MPa 0.30 210 GPa 1500 MPa 125 MPa 125~135 ◦C
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Figure 1. The experimental setup for the CFRP drilling.

Both drills were diamond-coated special tools featuring an 8.0 mm diameter, a 30◦
helix angle, and a 90◦ point angle dedicated to delamination suppression and anti-abrasion
wear during composite drilling. The detailed morphologies of the candlestick and step
drills are shown in Figure 2. The candlestick drill featured three protruding tips, including
one centering tip and two peripheral tips, which could significantly reduce the drilling
thrust force and ensure the sharp flank cutting edges, whereas the step drill was designed
following a step-control scheme involving a first step to create a pilot hole and a secondary
step to ream the hole surface to the final diameter. Moreover, the examined step drill
featured a ratio of the primary diameter (7.8 mm) to the second diameter (8.0 mm) of 0.975.
The small difference between the primary and secondary diameters mainly aimed to let the
secondary step edges have a reaming action on the previously cut hole surfaces by the first
step drill, as a very small chip removal volume is involved in such step drilling. During the
drilling operation, the FLIR A615 infrared thermography camera (IFTC), which featured
a working temperature from −20 to 2000 ◦C and an image acquisition frequency from
50 to 200 Hz, was utilized to in-situ record the temperature development under varying
drilling conditions. A similar method was applied by Xu et al. [37], which proved that the
temperature measurement chain in the current experiment is capable of measuring the
changes in the cutting temperature. The temperature resolution of the equipment was less
than 0.05 ◦C, which guaranteed the accuracy and reliability of the monitored data. The
accurate measurements of the cutting temperature by the thermographic camera were also
carefully guaranteed by the calibration of emissivity value parameters set in the software.
Additionally, an emissivity value of 0.85 was adopted for the composites drilling, according
to the recommendations of the infrared thermography camera manufacturer. Moreover,
to make the temperature measurements more reliable, all of the composite holes were
drilled with a 1.0 mm distance close to the edge of the workpiece. After the completion
of the drilling operations, the hole wall morphologies were characterized using the ZEISS
confocal laser scanning microscope (CLSM). Finally, the average diameters at the entrance,
middle, and exit sides of CFRP holes were measured using a SOLEX EUA coordinate
measuring machine (CMM). The obtained results were correlated with the drill bits and
the input process parameters.
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Figure 2. The morphologies of the used special drills.

3. Results and Discussion

3.1. Characterization of Drilling Temperatures

Machining temperature is a characteristic phenomenon of heat accumulation resulting
from the tool–work interaction following the material separation process. When dealing
with the hole-making processes of CFRP composites, drilling temperature is a critical issue
that has to be carefully addressed, as high levels of temperatures can be easily accessed due
to the poor heat dissipation of the drill–composite interaction. Additionally, high tempera-
tures are extremely detrimental to the surface integrity and mechanical properties of cut
composite holes as they can cause degradation of the composite properties, debonding of
the fiber/matrix interface, or even the glass transition failure of the matrix base. Therefore,
it is essential to characterize the variation laws of the temperature rise and progression dur-
ing the machining of CFRP laminates. Figures 3 and 4 show the recorded thermal images of
the drilling temperature development under varying feed rates for the candlestick and step
drills, respectively, during CFRP machining. It is clear that the temperature progression
characteristics can be divided into three stages with respect to the tool–work interaction.
At the early stage, the drill edges start to attack the composite laminate, and a large amount
of cutting heat is progressively generated through the tool–chip and tool–work interactions.
As brittle fracture dominates the chip separation of the carbon/epoxy composites, more
cutting heat is likely to accumulate within a very narrow tool–chip interface, resulting
in a high temperature rise as the drill tends to penetrate inside the composite. At the
drill entrance stage, moderate levels of drilling temperatures are produced for both the
candlestick and step drills. Meanwhile, with the ongoing tool advancement, the drill edges
are fully engaged in the cutting of the fiber/epoxy material. In such circumstances, peak
values of drilling temperatures are identified through the thermal image examinations for
both drills used. Due to the heat accumulation effects and the full drill interaction with the
composite material, the maximum temperature is reached, which indicates the highest risk
of occurrence of the thermally-induced damage onto the internal composite hole walls. In
most cases, the candlestick drills are found to produce relatively lower values of drilling
temperatures than the step drills, particularly under the full drill–work interaction stage,
as depicted in Figures 3 and 4. Additionally, increasing the feed rate tends to elevate the
maximum temperatures at the full tool engagement stage, due to the increased amount of
frictional heat generated as the feed rate rises. Eventually, when the tool retracts from the
composite workpiece, the drilling temperature appears to decrease dramatically because of
the effective heat dissipation and air cooling of the tool–work system. It is also worth noting
that both the candlestick and step drills yield comparable values of drilling temperatures
at the drill retraction stage while machining the CFRP laminates.
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Figure 3. Thermal images of drilling temperature development when using candlestick drills
(Vc = 120 m/min).

Figure 4. Thermal images of drilling temperature development when using step drills
(Vc = 120 m/min).

Figure 5 also shows the comparative evolution of the drilling temperatures in terms of
the cutting time (t) following a complete CFRP drilling process for both types of special tools.
It is clear that the drilling temperature signals fluctuate significantly during the composite
removal process, which exhibits a rapidly increasing trend at the drill entrance stage when
the tool starts to attack the composite specimen. Then, the temperature signals for both
drills appear to decrease gradually with the tool advancement as the drill edges start to exit
the last composite plies, resulting in reduced frictional heat generation following the chip
removal process. The previous investigation done by Fu et al. [35] revealed the complex
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drill-exit temperature characteristics for UD and MD CFRPs, and similar temperature
changes were identified in their work. The maximum drilling temperatures for both
drills seemed to be reached at around t = 0.5 s under the tested process parameters. The
corresponding feed depth of the time is about 2.8 mm after the calculation using the time,
feed rate, and cutting speed. Moreover, the candlestick drill is found to promote lower
levels of peak drilling temperatures than the step drill. Figure 6 presents the comparison
of the maximum temperatures recorded in the CFRP drilling between the two types of
drills. Note that the maximum temperatures denoted herein signify the average value
of the highest temperature range during the composite drilling. The results also indicate
that the candlestick drills generally yield lower drilling temperatures than the step drills
for all of the cutting conditions examined. This is due to the two protruding tips of the
candlestick drill along the drill periphery that reduce the frictional heat generation and
improve the heat dissipation at the tool–chip interactions. Additionally, the cutting speed
definitely shows a positive impact on the progression of drilling temperatures for both
tools, except for the abnormal temperature data at Vc = 40 m/min for the step drill. The
phenomenon is associated with the intensified friction of the tool–composite interaction
when the cutting speed increases. Moreover, increasing the feed rate appears to raise the
drilling temperatures for the two special drills when machining the CFRP materials.

Figure 5. Comparison of drilling temperature development between candlestick and step drills
(Vc = 120 m/min and f = 0.06 mm/rev).

Figure 6. Evolution of the maximum drilling temperatures in terms of the process parameters.
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3.2. Hole Wall Morphologies

Machining of fibrous composites differs significantly from the cutting of isotropic
metals and steels due to the varying chip separation mechanisms associated with the
fiber orientation. The material removal complicates the surface generation of hole walls
for the composites under drilling operations. Hole wall morphologies can be consid-
ered as one of the most important criteria in assessing the quality attributes of drilled
CFRP composites. In general, it is rather difficult to generate smooth surface morpholo-
gies, as the material removal mode changes dynamically with the drill rotation during
the hole-making process. Figures 7–10 show the topographies of the CFRP hole walls
produced by the two types of drills under the fixed cutting conditions (Vc = 120 m/min
and f = 0.09 mm/rev). Figures 7–10 all feature the same fiber orientations. From Figure 7,
surface flaws due to interlaminar cracking are noted, which feature deep blue colored
zones. The finely-cut composite surfaces mainly exist in areas involving the shear-induced
fractures of fiber plies. Additionally, the profiles of four circular arc curves at the A–A,
B–B, C–C, and L–L cross-sections are plotted in Figures 7 and 9. It is noted that the surface
profiles fluctuate significantly along both the radial and axial directions of the holes, which
is due to the inherent variations in the surface of the fibers and the matrix. Additionally,
the average surface roughness values (Ra) of the selected cross-sections mainly range from
5.00 to 6.29 μm along the hole radial direction, while Ra reaches its maximum value toward
the hole axial direction at the L–L cross-section. This is due to the significant disparity in
fiber orientation between adjacent fiber plies toward the composite thickness direction.

Figure 7. CLSM image of a CFRP hole wall cut by the candlestick drill and its cross-sectional profiles
(Vc = 120 m/min and f = 0.09 mm/rev).

With respect to Figure 8, it shows the three-dimensional topographies of cut hole walls
at the entrance side. It is evidenced that the cut CFRP hole morphologies feature smooth
fiber surfaces containing a certain degree of surface cavities. In contrast, the hole wall
morphologies produced by the step drill appear to be much better than those cut by the
candlestick drill. As depicted in Figure 9, the Ra values of the four selected cross-sections are
relatively lower than those gained by the candlestick drill. The phenomenon is due to the
reaming effects of the secondary step edges, indicating the superiority of the step tools in
achieving a better hole surface finish than the candlestick tools while machining the CFRP
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laminates. Moreover, the surface defects residing within the composite hole cut by the step
drill mainly include surface cavities due to the loss of matrix, resin smearing, and fiber
pullout voids, as shown in Figure 10. Note that the previous research carried out by Kubher
et al. [36] addressed the evolution of in-situ cutting temperature and machining forces
during the conventional drilling of MD CFRP laminates. Similar surface defects, including
resin smearing and bending-induced fracture of carbon fibers, could be found in the
research. For both drills in the current investigation, no significant evidence of interlaminar
delamination at the hole entrance side is identified through the CLSM examination.

Figure 8. Topographies of a CFRP hole wall cut by the candlestick drill (Vc = 120 m/min and
f = 0.09 mm/rev).

Figure 9. CLSM image of a CFRP hole wall cut by the step drill and its cross-sectional profiles
(Vc = 120 m/min and f = 0.09 mm/rev).
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Figure 10. Topographies of a CFRP hole wall cut by the step drill (Vc = 120 m/min and
f = 0.09 mm/rev).

3.3. Hole Diameter

In drilling CFRP composites, diameter value is an essential criterion for evaluating the
hole geometrical accuracy, which determines the assembly performance of the composite
parts. In the current work, the average diameters at the entrance, middle, and exit sides of
cut CFRP holes were measured and correlated with the process parameters and drill bits
used. The obtained results are depicted in Figures 11–13. Both the cutting speed and the
feed rate have a significant impact on the variations of the hole diameters, irrespective of the
measuring side. Under the lowest speed conditions (Vc = 40 m/min), increasing the feed
rate tends to enlarge the cut hole diameters, particularly for the step drills (Figure 11). In
most cases, undersized holes are generally produced by the two drills when Vc = 40 m/min.
It is worth noting that the diameters measured at the exit side show the largest value,
followed by those measured at the middle and entrance sides, regardless of the drill bits
and process parameters used. The phenomenon indicates a wedge-shaped cylindrical
surface of cut hole walls from the entrance to the exit side due to the intensified tool
vibration arising from the decreased stiffness of remaining fiber plies as the fiber layers
become much thinner with the tool advancement in drilling. When the moderate speed
is used (Vc = 80 m/min), the feed rate fails to show a clear effect on the variations of the
hole diameters. In particular, more consistent holes close to the nominal diameter value are
promoted by the step drills at the feed rate of 0.09 mm/rev (Figure 12). With respect to the
highest speed conditions (Vc = 120 m/min), typically, oversized holes are produced by the
candlestick drills, and undersized holes are generated by step drills, as shown in Figure 13.
Under such conditions, more consistent holes are created by the candlestick drill at the
feed rate of 0.09 mm/rev. Finally, increasing the cutting speed seems to enlarge the hole
diameters for the candlestick drills, but tends to decrease the hole diameters for the step
drills. In general, to produce consistent holes close to the nominal diameter, the highest
speed and moderate feed values are suggested for the candlestick drills, while moderate
speed and lower feed values are recommended for the step drills.
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Figure 11. The hole diameter in terms of different feed rates and drill bits (Vc = 40 m/min).

Figure 12. The hole diameter in terms of different feed rates and drill bits (Vc = 80 m/min).

Figure 13. The hole diameter in terms of different feed rates and drill bits (Vc = 120 m/min).
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4. Conclusions

This paper deals with the drilling behavior of CFRP composite laminates using
diamond-coated special drills. Machining studies were conducted following a full factorial
design of experiments. The composite machinability was evaluated, focusing on the ma-
chining temperature characteristics and hole quality attributes under varying conditions.
The work addresses the temperature variations and progressions during the CFRP drilling.
An attempt was made to assess the performances of different special drills and to quantify
the hole geometrical accuracy in the CFRP drilling. Based on the results acquired, the
following conclusions can be drawn.

• Development of the drilling temperature can be roughly divided into three stages in
terms of the tool–work interaction. In general, the maximum temperature values can
be attained when the drill edges are fully engaged into the composite workpiece. The
progression of the composite drilling temperature basically shows a high sensitivity to
the input process parameters. In most cases, both the cutting speed and the feed rate
exhibit a positive impact on the temperature rise for all of the drills examined.

• The candlestick drills are found to produce lower magnitudes of drilling temperatures
than the step ones. To suppress the temperature progression, low cutting speeds and
low feed rates are recommended for the drilling of CFRP composites.

• The cut CFRP hole morphologies are characterized by finely-cut fiber surfaces along
with a certain degree of surface cavities due to the loss of matrix. The step drill
produces better hole wall morphologies and lower surface roughness values than the
candlestick drill due to the reaming effects of its secondary step edges. The main
surface defects residing within the cut composite holes include surface cavities, resin
smearing, and fiber pullout voids.

• A wedge-shaped cylindrical surface is noted for the cut composite hole wall due to the
intensified tool vibration arising from the decreased stiffness of the last fiber plies with
the tool advancement. Both the process parameters significantly affect the variations
of the hole diameters, irrespective of the measuring side. In general, the highest speed
and moderate feed are suggested for the candlestick drills, while the moderate speed
and lower feed are recommended for the step drills to create more consistent holes
close to the nominal diameter.
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Abstract: The fiber laminate composites are extensively used in aerospace, aircraft, automotive
components due to their high stiffness, corrosion, moisture resistance, low weight, and durability
features. These fiber composites are modified with nanomaterials to acquire the desired manufactur-
ing properties. The complex structure and anisotropic features differ from metals and their alloys.
Additionally, the machining principles of fiber laminates significantly differ from conventional engi-
neering materials. The present work investigates the machining behavior and permeates the damage
generated while milling of graphene-modified carbon-fiber reinforced polymer nanocomposites
(G/C@FRNC). The surface damages and defects caused in the milling samples have been examined
through the high-resolution spectroscopy test. The influence of machining constraints such as cutting
speed (N), feed rate (F), depth of cut (D), and graphene oxide weight % (GO) has been investigated to
achieve the desired milling performances viz. material removal rate (MRR), cutting force (Fc), surface
roughness (Ra), and delamination factor (Fd). The outcomes indicated that the cutting parameters
and graphene nanomaterial prominently affects the milling responses. The addition of graphene
improves the machinability of proposed nanocomposites with lesser defects generated. However,
its higher addition can lead to the phenomenon of agglomeration that can reduce the machining
efficiency. The damages and delamination generated in the machined sample are low at a higher
cutting speed. This work suggests a new system to control the damage and defects to enhance the
laminate samples’ quality and productivity.

Keywords: graphene oxide; polymer; composite; milling; carbon fiber

1. Introduction

For the last two decades, fiber laminate composites have been highly utilized in the
components of aerospace, naval, space, and automotive industries with better mechanical
properties and modified fatigue life [1]. It becomes an adequate substitute for traditional
engineering materials such as metallic alloys and non-metallic materials. The selected
manufacturing materials must have unique physical and structural properties with a
combination of low specific weight and high resistance to degradation. Under these multi-
functional conditions, it can ensure economic performance and safety factors. In addition
to thermoset polymers, cross-linked connection contributes to higher stiffness, thermal
and mechanical properties. The cross-linked nature, anisotropic, and non-homogeneity of
fiber composite creates challenging machining issues [2,3]. In the epoxy resin, nanofiller
materials reinforcing were regarded as an effective technique to boost the strength and
stiffness under different loading conditions. In addition to the feasible nanomaterial in the
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epoxy matrix could significantly improve the flexural and tensile behavior [4,5]. Various car-
bon nanomaterials (CNMs), such as fullerenes, nanotubes (NT), nanorods (NR), graphene
derivatives, etc., have been used to enrich polymer composite mechanical behavior [6].
The mechanical properties of fullerene (C60) epoxy nanocomposites were characterized by
Rafie et al. [7] at the different aspect ratio of fullerene nanoparticles in the polymer matrix.
At relatively low nanofiller loading fractions, the epoxy (resin) mechanical characteristics
improved substantially through the fullerene nanoparticle (0.1 to 1% of the resin). The
effect of multi-walled carbon nanotubes (MWCNTs) on polymer nanocomposites’ impact
and bending properties at room temperature was examined by Liang et al. [8]. The study
disclosed the nanomaterial weight fraction could increase it. The same findings (flexural
strength) were explored by Gantayat et al. [9] to analyze the reinforced hybrid composite.
Watson et al. [10] researched a modified dispersion method of graphene oxide using a sonic
process. The vacuum resin infusion for nanocomposites reinforced by carbon fiber is per-
formed for the fabrication phase. The research explored the effects of the developed carbon
nanocomposites’ tensile strength and flexural strength. It was noted that the tensile strength
of the neat epoxy fiber composite was lower than the GO-modified composites. A similar
trend was observed by Cho et al. [11] The positive impacts of graphene nanoparticles (GO)
on epoxy resin-based composites were analyzed by Abdullah et al. [12] The GO/epoxy
composite was cast and prepared at room temperature by the casting process. The finding
decided that nanomaterial performs a vital position in enhancing mechanical properties
such as tensile strength, impact strength, and hardenability. The morphological surface
analysis confirmed that cracks in the composite were prevented from propagating. Addi-
tionally, the results claimed that a variety of industrial applications might use GO/epoxy
composites. To produce highly conductive textiles with mechanically tunable, hydrophobic,
and TASER protective properties, Ghosh et al. [13] demonstrated an easy-to-scale method
of dipping and drying materials. Protective EM-treated organic wool composite smart
textile with sensitive touch switches for household and wireless connectivity. With the
help of the rGO nanosheets, a robust electrical and EMI shielding network was constructed
in electrical and electromagnetic interference protecting application areas. Additionally,
Ghosh et al. [14] developed silver nanoparticle-decorated graphene sheets (rGO/Ag) using
a two-stage wet mixing technique. Using non-ionic polymer adhesive to create conductive
coatings protects against radiation pollution from electronic technologies and equipment.

Milling is the primary machining process in industries to create the slots and channels
for the assembly of products. For several years, the milling of isotropic metallic materials
has been studied in depth, but these results can sometimes not apply to the machining of
polymer laminate composites. According to the work of Davim et al. [15], delamination and
fiber damages are generated in CFRP composites during machining in a significant way. It
affects the machining efficacy and quality of the samples. It occurs in laminate polymer
due to the anisotropic and non-homogeneous nature and similar remarks were observed in
the finding of eminent scholars [16–18]. The macro-reinforced (fiber) composites’ existing
properties are prominently improved by supplementing nanomaterials. Doping theory
is sometimes used in fiber composites to investigate polymers’ physical and mechanical
aspects. However, several valuable studies examined the cutting tool geometry constraints
and tool materials for orthogonal cutting [19,20]. The fiber orientation, fiber size, and
weave design also affect the machining performances [18,21,22].

The pioneer scholars limitedly attempt the studies on the use of graphene oxide in
carbon/epoxy composites. It requires more attention to efficiently utilize polymer nanocom-
posites for multifunctional products. Studies show that graphene oxide has exceptional
characteristics due to better mechanical properties, aspect ratio, and dispersion [5,23,24].
However, machining efficiency computations and control of damages are highly required
in the polymer manufacturing sector to improve product quality and productivity.

From an exhaustive state of the art, it has been remarked that the machinability
evaluation of laminate composites modified by carbon nanomaterials is passing through
the preliminary phase. Researchers’ attention, practicing engineers, and academic interest
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are needed to overcome these modified polymers’ machining drawbacks and limitations.
It can become an emerging area of research for the stakeholder to create cost-effective
and stable products. Because of the emerging mechanical properties, the present work
investigates the damages and defects generated during the milling of graphene-modified
carbon-fiber reinforced polymer nanocomposites (G/C@FRNC). The control of process
parameters, such as the cutting speed (N), feed rate (F), depth of cut (D) and graphene
oxide weight % (GO%), is proposed to overcome the surface defects and damages that
ensue during the milling procedure. These defects hamper the efficiency of product
development by decreasing structural rigidity. The machined surface is examined with
microstructural analysis, and the impact of varying constraints has been evaluated. The
milling performance is estimated for the desired value of MRR, Fc, Ra and Fd through the
control of process constraints.

The present work shows the defect’s spectroscopy investigation on the slot wall of
the unidirectional laminates composite. The issue of deterioration directly contributes to
the breakage of fibers and occurs through the bending and shearing of carbon fibers. The
outcomes of the literature work have demonstrated an improvement in the fundamental
and functional properties of hybrid nanocomposites. This article proposed a pioneering
method to suppress the delamination and damages versus machining parameters.

2. Experimental Work

2.1. Development of Graphene-Modified Carbon-Fiber Reinforced Polymer Nanocomposites

A matrix (epoxy 520) and straight woven 400 GSM carbon fibers were used for the
nanocomposite fabrication. The graphene oxide with 255 m2/g surface area > 99% carbon
impurity is used. Due to epoxy’s high viscosity, it is challenging to make a homogeneous
mixture of graphene nanoparticles and epoxy. Epoxy (thermoset resin at higher viscosity
value 1.162 gm/cm3) was stirred with different amounts of dispersed graphene nanoparticle
(1, 2, and 3%) up to 30 min at 60 ◦C. Finally, a binding agent (Hardener-D) was introduced
with the ratio of 10:1 and stirred again with a temperature of 27 ◦C. The fabrication
procedure of nanocomposite samples is described in the schematic diagram (Figure 1). For
control of agglomeration level in the mixture, a balance addition of graphene nanomaterial
(1, 2, and 3% weight ratio) is employed with reference to previous experimental results and
theoretical study [25–27]. Three samples with a selected set of milling parameters were
assessed to enhance the reliability of the experimental results. The Hand lay-up method
prepares the laminate composite of 18 layers of woven fiber. For better cutting force analysis
(in depth), dimensions of 100 mm in length, 100 mm in width, and 10 mm in thickness have
been selected for the fabricated sample.

 

Figure 1. Nanocomposite fabrication procedure (a) Sonication process, (b) Stirrer process 27 ◦C,
(c) Stirrer process 60 ◦C, (d) Hand-layup process.
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Fiber thickness 400 GSM = 0.45 mm
Number of layers used in the development composite = 18 layers
One-layer area = 250 × 250 mm2

One-layer weight = 250×250
400 = 25 g

Eighteen-layer weight = 25 × 18 = 450 g
Fiber: resin = 70:30
450
R = 70

30
R = 192.85 g
1 wt.% of GO = 1.9285 g
2 wt.% of GO = 3.875 g
3 wt.% of GO = 5.7855 g
Epoxy: Hardener = 10:1
192.85

H = 10
1

H = 19.285 g
GO/C@FRNC laminates nanocomposite with 10 mm thickness (18 plies) were exam-

ined in this study. The detailed mechanical properties of GO/C@FRNC are described in
Table 1.

Table 1. Mechanical properties of G/C@FRNC laminates.

Sample Tensile Strength (MPa) Flexural Strength (MPa)

1 934.35 442.55
2 875.04 363.70
3 774.01 289.95

2.2. Experimental Setup and Response Measurement during Milling of Modified Composites

The fiber polymer nanocomposite plate was machined (milling) under dry envi-
ronments to investigate the cutting process. A vertical milling machine computerized
controlled setup (Model No. MBV 35 TC20) was employed for the milling test of composite
samples. The milling cutter tool is made of SiC coated TiAlN, with a 5 mm diameter is
selected for the experiment. A dynamometer (Model No. MLB-PML-300) for cutting force
and precision balance meter weight was used for MRR calculation during experimenta-
tion. The surface roughness tester (Mitutoyo Model No. SJ 210) was measured using
mathematical average at three different slot locations, as shown in Figure 2.

 

Figure 2. Experimentation setup. (a) Machining setup, (b) cutting force measurement, (c) weight
measurement, (d) damage measurement and (e) surface roughness measurement.

61



J. Compos. Sci. 2022, 6, 77

The tomography microscope (Model No. ZSM3780 T2) has software ULTRA-CMOS5100
to estimate delamination value. The milling parameters are described in Table 2. The milling
delamination factor (Fd) characterizes the machined slot delamination region (milling slot).
Fd is expressed as the ratio of the maximum damage slot length of the machined zone to
the nominal slot diameter. The Fd was computed by using the below formula:

Delamination f actor (Fd) =
Maximum damage slot width (Wmax)

Nominal damage slot width (W)
(1)

Table 2. Process parameters and their working range.

Sr. No. Factors Nomenclature Range/Unit

1 Cutting speed N 12.56–37.68 m/min
2 Feed rate F 80–240 mm/min
3 Depth of cut D 0.5–1.5 mm
4 Graphene nanomaterial G 1–3 wt.%

3. Result and Discussion

3.1. Influence of Process Parameters on MRR

The cutting speed increased noticeably at a control material removal rate, which is
contradictorily associated with traditional machining. The material removal rate (MRR)
showed a higher value at medium cutting speed (25.12 m/min). The higher feed value
is preferred for MRR; however, its higher level would be more robust. The predominant
MRR decreased at a lower cutting depth compared with the conventional materials. In
contrast, the cutting depth changed at a higher value, increasing the rate of material
removal similar to that of the feed. If the cutting is more thorough, the workpiece’s fibers
have been cut entirely, and less impact is put on the tool, and successful material removal
could be achieved [28]. In turn, results in lower specific cutting pressure, and therefore,
high cutting depth to achieve the best performance characteristics is preferred [28]. These
may indicate alterations due to irregularities in cutting speed, depending on the cutting
force’s parameters. In representing the cutting force properties, epoxy/CFRP modifiers are
likely to be more ductile because of increased temperature and greater molecular mobility
than traditional materials at higher feed speeds. While the lack of effective heat loss from
the machined surface and the composite chip accelerates tool wear. At this time, the
material’s low thermal conductivity contributes to the difficulties of the milling operation.
Figure 3 demonstrates that with higher cutting depth (1.5 mm), feed rate (240 mm/min),
medium cutting speed (25.12 m/min), and wt.% of graphene nano content (2%), the MRR
substantially improved the machining process.

 

Figure 3. MRR vs. milling factors analysis.
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3.2. Influence of Process Parameters on Cutting Force

Cutting forces are the primary factor affecting the quality of the machined surface. It
greatly reduces generically with rising cutting speeds (N) and a control combination of
the cutting depth and feed rate (F). There is variation in CFRP’s cutting force conditions
due to the fiber/polymeric material’s anisotropy nature at different feed rates. At various
cutting speeds (low, medium, and higher), the modified epoxy/CFRP composite material
displayed contrasting cutting force features. The hybrid materials exhibit brittle fracture
behavior at low cutting speeds that affects their machinability, but medium cutting speed
influences the process. The fiber experiences a high strain rate under a high cutting speed,
causing it to fail at a lower strain or in a brittle form [29]. It raises the strain rate leading
to low-stress fractures and material degradation, thereby increasing the cutting region’s
temperature and improving the composite’s molecular ductility. During machining, a
large material flow was observed with the cut fibers compared to higher cutting speed to
medium cutting speed, so moderate speed is recommended for lower cutting force [28].
Figure 4 displays the graphical representation of cutting forces versus process parameters
at various cutting speeds, feed rates, cutting depths, and weight percent of the graphene
filler, respectively. The cutting force is found to a minimum with the cutting speed up
to 25.12 m/min and 160 mm/min feed. The reduction force is the minimum due to the
ploughing impact at a high feed rate [28]. The cutting force is substantially lowest at a
lower cut depth and weight % of graphene nanomaterial. Another remarkable aspect seems
to be that the cutting force’s intensity increased dramatically for higher cutting depth. It is
possible due to the rate at which the cutting tool penetrates more with increased cutting
depth and extracts more material, resulting in increased cutting force [30].

 

Figure 4. Cutting force vs. milling factors analysis here.

3.3. Influence of Process Parameters on Surface Roughness

Unlike in the traditional milling process where cutting is speedier, feed are more signif-
icant, machining surfaces of modified epoxy/CFRP. The explanation for the simultaneous
presence of fibre and resin interfacial debonding and the weak resin solidification at high
temperatures. Several investigations demonstrated that the polymer is softened by increas-
ing the cutting temperature during the milling process. The degradation of temperatures
above the matrix resin can occur, contributing to negative processing quality. The effect of
this phenomenon is a poor resin support function for carbon fibers [31]. Alongside that,
slightly higher surface roughness can be observed at a high feed level. In the machine tool,
the feed rates and cut depth cause vibrations that influence the performance and surface
quality of the milling. The reason might be that the rise in cutting force and higher tool wear
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also occurred with increased depth of cut and defected surface quality [30]. In polymeric
materials, lower feed rates related to the material and composites’ inhomogeneity create
more vibrations during the cutting process. Figure 5 indicates the plots of surface roughness
over different levels of process parameters.

 

Figure 5. Surface roughness vs. milling factors analysis.

A smooth surface finish was remarked at 25.12 m/min cutting speed with a lower
depth of cut. For minimal surface roughness in FRP composites’ processing, medium
cutting and lower feed rates are recommended [32]. The observation shows that all three
weight % of graphene nanomaterials are impacted with a high aspect ratio. The tool–
workpiece interface tends to communicate with lubricants due to graphene nanomaterial
presence. It indicates the prevalence of ductile transformation in the polymer increases for
improved machinability. However, cutting speed is consistent with graphene nanomaterial
and is dominated by modified epoxy/CFRP soft machining. With increased nano content,
the decrease in surface roughness through 25.12 m/min is indicative of the need to mill
these materials at an improved surface finish. Figure 5 shows that with a cutting speed of
25.12 m/min, the surface roughness decreases significantly at lower cutting depth, feed
rate, and higher graphene content of wt.%.

The machined sample was observed with a microscope image at different cutting
conditions to demonstrate the fiber or composite interfaces’ micro deterioration at different
milling operation levels. Figures 6–8 show the typical damages incurred while conducting
the machining trials. The microscope image of the fiber pullout, uncut fiber, fiber fraying,
feed mark, cavity hole, fiber fracture, and crack regarding the different cutting speed condi-
tions indicates higher surface roughness during the milling experiments. The appearance
of surface damages may be because of high cutting speed and high feed level. Additionally,
it leads to material defect encountered during the composite material process. The micro-
scope images of the slot surfaces are shown in Figure 6a–c. It is observed that surface cavity,
feed marks and fiber pullout damage have occurred at the slot region. This is due to interfa-
cial debonding of fibers, higher feed, and the poor support of fiber. Medium cutting speed
is recommended for minimal surface roughness in the machining of FRP composites [32].
From Figure 7a–c shows the very few cavity forms, fiber breakage, and pullout. Figure 8a–c
shows that more surface damages occurred, propagating the cracks in the laminates. How-
ever, high cutting speed leads to higher breakage, pullout, serious cavity formation, and
brittle fracture resulting in poor surface finish. This is because the resin is softened with
increased cutting temperature, higher feed, and nanomaterials agglomeration.
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Figure 6. Microscope image of the machined slot at lower cutting speed for (a) 1 wt.% GO, (b) 2 wt.%
GO, and (c) 3 wt.% GO.

 

Figure 7. Microscope image of the machined slot at medium cutting speed for (a) 1 wt.% GO,
(b) 2 wt.% GO, and (c) 3 wt.% GO.

 

Figure 8. Microscope image of the machined slot at higher cutting speed for (a) 1 wt.% GO, (b) 2 wt.%
GO, and (c) 3 wt.% GO.

3.4. Influence of Process Parameters on Milling-Induced Delamination

During the milling of fiber laminates, delamination is a severe and challenging machin-
ing issue in polymer composites. It affects product assembly, productivity, and the overall
efficiency of the manufacturing process. The control of cutting conditions can overcome this
machining-induced damage. The cutting force estimated through the computerized toolbox
dynamometer is peaked when the maximum force occurred during the machining process.
In ceramics, metallic chip formation is a vital source of information on the milling process’s
deformation characteristics, besides composites where fiber and resin have unique physical
properties and perforation and damage analysis parameters are different. In comparison,
the critical cutting force of the synergistic reinforced composite of graphene oxide was
greater. The delamination region in the milling test of the proposed nanocomposite be-
comes more complex due to the plain-woven fiber properties and weaves. These properties
cause variation in the cutting force. The high strain rates lead to chip fragmentation, and
feed rates indicate a resin fracture early due to the modified epoxy/CFRP milling process
combined with high cutting speed. However, the heat produced can increase the cutting
zone’s temperature with a higher combination of feed and cutting speed, increasing the
material’s molecular chains’ long-range mobility, thus increasing its ductility. In this way,
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the fracture of fibers tends to increase, causing more severe damage [29]. At the higher
cutting speed and feed rate, the chip microstructure is prominent in the long continuous
carbon fiber strands’ instantaneous fracturing, demonstrating substantial fiber crack propa-
gation on the chip at intermittent lengths. It was found (Figure 9) that due to high rubbing
at the work–tool interface at high cutting speed and feed, the bond strength between fiber
and matrix decreased so that fibers are either peeling (delamination) or removed from
the matrix.

 

Figure 9. Delamination factor vs. milling factors analysis.

The machined sample microstructure images reveal serrations and segmentation
with higher surface damage at the highest feed rate (240 mm/min). A high feed rate
leads to more significant vibration during the cutting process, contributing to fracture
failure. The higher feed rates resulted in damage due to lower interfacial strength caused
by the breakage of the fiber/matrix [15]. The segmentation pattern is sufficient at the
lower feed and higher cutting speed, indicating less failure, better machinability, and
smooth finishing. At a higher cutting speed, a few polymeric resin crack propagations with
fiber pullout is observed at a slightly lower feed rate. This would be due to the lack of
bending of the cutting tool, which is accomplished by decreasing the cutting force, smooth
discharge of the chip when the cutting speed of the cutting chips exceeds the cutting speed;
and a decrease in uncut fiber yarn burrs [19,33]. However, with increased depth of cut,
extensive machining surface damage, higher fiber pull can be confirmed of epoxy/CFRP
composite [29]. In addition, the damage caused by improved mechanical properties and
microstructure is diminished by loaded nanofiller samples [34]. Therefore, graphene
nanomaterial affected the cutting force, contributing to more uniform surface topography
in doped CFRPs without substantial fibers’ breakage [35]. Carbon nanomaterials improve
their high surface-to-volume ratio to the contact surface between the reinforcement and
the matrix, which results in greater strain distribution and damage resistance [36]. As
previously demonstrated by similar research, the G/carbon-fiber-reinforced composites
can achieve less delamination damage with a lower feed rate [36,37]. Figure 10a–f show the
machining effect on modified epoxy of carbon nanocomposite with 1–3 wt.% of graphene
oxide. The aspect of nanomaterials the influence of machine composite is revealed with
three different samples. Figure 10a sample containing 1 wt.% of nanomaterial with a 20 μm
scale with minimal fiber debonding. Figure 10b sample containing 2 wt.% of nanomaterial
with a 20 μm scale with micro-crack, crack propagation, and machined marks. Figure 10c
sample containing 3 wt.% of nanomaterial with a 20 μm scale with severe breakage of the
machined sample fiber. The current study results were compared to previous ones, and it
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was determined that the method was feasible in machining while responses were taken
individually (Table 3).

 

Figure 10. Spectroscopy analysis (SEM) of milling workpiece for (a) 1 wt.% GO at 20 μm, (b) 1 wt.%
GO at 10 μm, (c) 2 wt.% GO at 20 μm, (d) 2 wt.% GO at 10 μm, (e) 3 wt.% GO at 20 μm, and (f) 3 wt.%
GO at 10 μm .

Table 3. Comparative analysis with the previous result.

Sr. No. Condition Response Present Study Previous Study Error% Ref.

1 N2F3D3G2 MRR 18.768 17.0484 9.16%
[38]2 N2F2D1G1 Fc 4.706 4.706 -

3 N2F2D1G3 Ra 0.716 0.730 1.95%
4 N3F1D1G1 Fd 1.043 1.043 - [39]

4. Conclusions

The works focus on improving the quality and productivity concerns during the milling
of graphene-modified carbon-fiber reinforced polymer nanocomposites (G/C@FRNC). The
microstructural investigation through high-resolution results demonstrates the milling
efficiency of the fabricated nanocomposites. The effect of cutting parameters on the MRR,
Fc, Ra, and Fd has been explored to estimate the polymers’ machinability features. The
findings of the present article are as follow:

• The cutting force and MRR trend observed in the proposed laminate nanocomposite
are similar to traditional materials. The value of MRR and Fc is higher at the combined
effect of the higher feed and medium cutting speed;

• The quality of the machined surface can be controlled at a medium cutting speed,
lower feed, lower depth of cut and a higher addition of nanomaterial;

• A significant amount of matrix (epoxy) damage is observed at lower feed rates and
higher cutting speeds. Furthermore, chip separation around the edge of the machined
sample (milling slot) was observed at lower cutting speed and higher value feed;

• The lower value of cutting speed and higher feed value was observed for fiber fraying,
fiber pullout, and matrix smearing, with fractured fibers (damage) firmly embedded
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in the matrix. However, medium cutting speed machining can be used to effectively
machine modified epoxy/CFRP laminates at optimized lower feed rates, the depth of
cut depth, and weight% of graphene nanoparticles;

• The addition of graphene oxide contributes significantly to the reduction of milling
induce damages. A little addition of graphene improves the machining efficiency of
the proposed nanocomposite.

The outcomes of the works show that the proposed nanocomposites can withstand
structural component needs. Additionally, the machined surface quality at a medium
cutting speed shows the higher application potential for an effectual milling test. The
inclusion of other machining operations, such as drilling, turning, etc., can be used as the
scope of future work.
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Abstract: In the modern aircraft manufacturing industry, the use of fiber metal stack-up material
plays an important role. During assembly, these stack-up materials need to be drilled, and single-shot
drilling is the best option to avoid misalignments. This paper discusses hole quality in terms of hole
edge defects and hole integrity with respect to tool geometry. In this study, tungsten carbide (WC)
twist-type drills with various geometric features were fabricated, tested, and evaluated. Twenty
custom twist drill bits with primary clearance angles ranging from 6◦ to 8◦, chisel edge angles from
30◦ to 45◦, and point angles from 130◦ to 140◦ were fabricated. The CFRP and Al 7075-T6 were
stacked up, and a feed rate of 0.05 mm/rev and spindle speed of 2600 rev/min were used for all
drilling experiments. The experimental array was constructed using response surface methodology
(RSM) to design the experiments. The impact of factors and their importance on hole quality were
investigated using analysis of variance (ANOVA). The study demonstrates that the primary clearance
angle, followed by the chisel edge angle, is the most important factor determining hole quality. As
a function of tool geometry, correlation models between exit delamination and burr height were
developed. The findings suggested that, within the range of parameters examined, the proposed
correlation models might be utilized to predict performance measures. For drilling CFRP/AL7075-T6
stack material in a single shot, the ideal twist drill geometry was determined to be a 45◦ chisel edge
angle, 8◦ primary clearance angle, and 130◦ point angle. For optimum drill geometry, the discrepancy
between the expected and actual experiment values was 0.11% for exit delamination and 9.72% for
burr height. The findings of this research elucidate the relationship between tool geometry and
hole quality in single-shot drilling of composite-metal stacks, and more specifically, they may serve
as a useful, practical guide for single-shot drilling of CFRP/Al7075-T6 stack for the manufacture
of aircraft.

Keywords: single-shot drilling; CFRP/Al stacks; hole quality; optimization; twist drill; ANOVA

1. Introduction

Composite materials have gained prominence during the past few years as a means
of reducing the weight of aircraft structures. In actuality, 52% of the Airbus A350’s total
structural materials and 57% of the Boeing 787’s major structure are composites [1], and
carbon fiber-reinforced polymer (CFRP) is the most widely utilized fiber [2]. Fibrous
composites and metallic alloys, such as titanium/aluminum alloys, are widely employed
in stack form in the current aerospace sector to gain enhanced mechanical properties
and function for components requiring energy-saving features [3–5]. Composites have
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enormous application potential in a variety of modern commercial aircraft, including the
Airbus A350 and Boeing 787 Dreamliner [6,7]. Although there are many fibers and metals,
the superior qualities of CFRP, Al, and Ti are attractive for this application and typically,
while manufacturing a stack up, a composite panel is placed on top of the metal part [8].
To produce different geometric characteristics for improved product integrity, reliability,
life cycle, and secure assembly with other components, hole drilling has long been a
standard procedure in the manufacturing sector [9,10]. When it comes to the machining
of lightweight metals and composites, this method has been particularly important in the
automotive and aerospace industries [11,12]. Given that metals are isotropic and fibers are
anisotropic, single-shot stack drilling involving these two components is extremely difficult
and can result in a variety of tool and hole damage. This research intends to determine
appropriate tool geometry improvements in regard to hole quality.

Delamination is a main issue related to the drilling of fiber-reinforced composite
materials, which tends to decrease the structural integrity of the material [13]. Delamination
damage is a force-associated failure that can be classified into two types [14], namely
peel-up delamination and push-out delamination [1]. Peel-up delamination is caused
by tool geometry [15], whereas push-out delamination is caused by thrust force inserted
by the drill point [16]. Because of the irreparable nature of delamination damage, the
composite laminate has to be rejected when delamination reaches a certain extent [17]. As
a consequence of the inhomogeneity of fibrous composites, measurement of the extent of
delamination becomes challenging. The hardness of carbon fibers induces abrasive wear
at the cutting edge of the drill, which in turn increases the thrust force during drilling,
finally leading to delamination [18]. On the other hand, high drilling thrust force can also
be generated by increased drill feed [19]. Conversely, research carried out on dry drilling
of CFRP/Al/CFRP by ref. [20] found that an increase in feed rate resulted in a positive
influence on entrance delamination. Faster chip evacuation is caused by the selection of
higher axial feed, thus reducing contact time and friction [21]. Delamination initiates from
the CFRP matrix laminate side of the stack-up material. Although a defect-less CFRP
element is formed to a near net shape, delamination at the exit of the hole is inevitable
during the drilling of rivet holes. Delamination weakens the structural consistency of the
CFRP part in terms of tensile and bearing strength [22], and it may also reduce the fatigue
life [23].

Burr formation is a challenging factor in the aircraft industry related to multi-material
stack drilling because rough edges (commonly named burrs) on fastener holes can induce
stress concentrations, which may initiate corrosion, fatigue failure, reduction in the life of
the aircraft [24], injuries to workers, and can reduce the functionality of the components [25].
Although burr height is the commonly measured parameter for evaluating burrs, burr
thickness causes more deburring costs than burr height [26]. Usually, exit burr height and
exit burr root thickness are noticeably larger than those of entrance burrs. This is primarily
because the burr formed at the entrance is caused by a tearing action, which includes a
bending process followed by lateral extrusion or clean shearing, whereas the exit burr is
formed by plastic deformation of the workpiece material in front of the chisel edge, without
the material being cut [24]. This is because the ductility of the aluminum alloy increases
due to thermal softening from the higher machining temperature at higher spindle speeds.
The increase in ductility allows the material to flow easily and at this stage, as the tool exits
from the hole, the aluminum material is stretched and pushed out to form a burr along the
edge of the hole [27]. An increasing point angle and larger helix angle tend to reduce burr
root thickness and burr height [28].

Because of the tight tolerance of the hole diameter in the assembly process of the
aircraft, the difference in hole diameters between the stack-up materials during drilling is
an important problem. This difference in diameter occurs because of the different properties
of the stack-up materials, including their elasticity modulus, which leads to different elastic
deformations that make it difficult to control the difference in hole diameters between
the stack-up materials [29–32]. Even if the hole in one material of the stack is undersized
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(hole diameter < tool diameter) or oversized (hole diameter > tool diameter), a reparation
technique needs to be applied that usually adds extra costs and time to the assembly
procedure. Soo et al. [31] used two types of twist drill designs, namely flat point and
double cone, to drill CFRP/Al stack material in a single shot, revealing that the double
cone drill bit design helped control the difference in hole diameter between both stack
materials due to thin chip formation and easy evacuation of chips through the drill flute
during the drilling process. Benezech et al. [33] mentioned the importance of the axial rake
angle and the included angle on drilled hole quality during CFRP-Al stack drilling. These
authors kept a constant axial rake angle throughout the length of the cutting edge, since it
is advantageous for good quality drilling. The combination of 135◦ point angle and 30◦
rake angle gave the optimum twist drill geometry to attain high quality holes in stack-up
material. Kuo et al. [34] investigated the number of margins in the twist drill bit design that
significantly influenced the diameter of the hole, regardless of the feed rate and drilling
technique. Triple-margin drills gave less vibration and larger contact with the machined
surface, yielding smaller hole diameter variation. The higher ductility of the aluminum
alloy resulted in a change to long, twisted helical chips, but they were tightly folded as
the drill progressed into the stack. Accordingly, oversized holes can simply arise when the
drilling operation is executed in dry conditions.

To date, the influence of the geometric parameters of twist drills on hole quality have
not been reported by previous researchers. This research work highlights the single effects
of the geometric parameters of the drill bit on hole quality. This paper is written in a format
that provides a brief introduction to the relationship between drilling parameters and hole
quality in Section 1. Section 2 describes the materials and methods used in this work.
Section 3 contains the results and discussion, and finally, Section 4 delivers the conclusion
of this research work.

2. Materials and Methods

2.1. Worpiece Materials

CFRP and 7075-T6 aluminum alloy (Al7075-T6) were the stack materials used in this
study. The CFRP composite specimen had a total laminate thickness of 3.25 mm and
was made up of 26 unidirectional plies, each 0.125 mm in thickness. Hexcel Composite
Company’s carbon/epoxy prepreg was used to make the 26 unidirectional plies with a
stacking sequence of [45/135/902/0/90/0/90/0/135/452/135]s. The CFRP laminate was
then covered with a 0.08 mm thin layer of glass/epoxy woven fiber at the top and bottom
to prevent delamination at both the entrance and exit of the hole during drilling. As a
result, the final thickness of the entire composite panel, including the paint application, was
3.587 mm. The CFRP was compressed using a vacuum pump and controlled atmospheric
conditions during the curing process. The autoclave was equipped with a prepared mold
to keep the laminate. The temperature was raised to 180 ◦C during the curing cycle at
a rate of 3 ◦C/min and maintained for 120 min. The temperature was then gradually
brought back to normal temperature. The entire cycle was carried out in an autoclave at a
pressure of 700 kPa and the laminate was packed in a vacuum bag that was depressurized
to 70 kPa. Because of the curing recipe’s application, the nominal fiber volume was 60%.
The mechanical and physical characteristics of the stack materials employed in this work
are compiled in Table 1.

Table 1. Mechanical properties of CFRP and Al7075-T6.

Properties
Tensile

Strength [MPa]
Elasticity

Module [GPa]
Elongation [%]

Flexural
Strength [MPa]

Density
[g/cm3]

Thickness
[mm]

CFRP 2723 164 1.62 1500 1.601 3.587
Al7075-T6 558 71.7 13 - 2.597 3.317
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2.2. Cutting Tool Fabrication

The drill bit type was a combination of drill and countersink. The drill’s diameter
was 4.826 mm and the diameter of the countersink was 10 mm. Due to its excellent
resistance to wear while drilling abrasive materials like CFRP, a sintered rod of tungsten
carbide (WC) was chosen as the drill bit material. The tungsten carbide rod was made
up of 93.36 wt% WC and 6.64 wt% Cobalt (Co). Since tungsten carbide has a Vickers
hardness value of 1625 HV and density of 14.35 g/cm3, both of which are much higher
than those of the workpiece, it was selected as the drill bit material. Helitronic Tool Studio
version 1.9.216.0 software (Walter Maschinenbau GmbH, Garbsen, Germany) was used
to design the drills with special custom drill geometry. A particular wheel must perform
numerous consecutive operations while grinding with a cutting tool. These operations
include pointing, gashing, and clearing. In the program, a chisel edge angle of 30◦ to 45◦
was set for the gashing process and a primary clearance angle of 6◦ to 8◦ was selected for
the clearance phase. The point angle was finally established from 130◦ to 140◦ during the
pointing phase. Figure 1a–c demonstrates the manufacturing procedure and the wheel type
used to modify the twist drill design using a CNC grinding machine (Walter Maschinenbau
GmbH, Garbsen, Germany).

 

Figure 1. Location of grinding wheel for the tool fabrication: (a) fluting wheel, (b) gashing wheel,
(c) clearance/point angle wheel.

2.3. Drilling Process

Using a computer numerical control (CNC) machine (Fanuc Robodrill T21iFLb), which
has a variable spindle speed up to 10,000 rev/min and spindle drive motor of 3.7 kW at a
continuous rating, the drilling of the stack material was carried out. For a regular rate, the
feed rate can range from 1 to 30 mm/min, and for a high transverse rate, the feed rate can
range from 48 m/min (x, y, and z axes). Drilling was performed in a single shot, starting
at the CFRP panel and moving to the Al7075-T6 panel. During drilling, the stack panels
were slotted into the fixture and clamped. To evaluate the major impact of the customized
twist drill geometry, a feed rate of 0.05 mm/rev and spindle speed of 2600 rev/min were
chosen for all runs in this study. In this experiment, dry drilling conditions were employed
to simulate the drilling process that actually occurs during panel manufacturing. The
angles of the standard twist drills, with variations in the three aforementioned angles, are
summarized in Table 2. Design of experiment (DOE) was used to design the experimental
process. DOE is a popular technique for constructing the number of experiments needed
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to establish the statistical validity of the relationship between the input and output of
independent variables. Twenty trials were administered in accordance with ref. [35].

Table 2. Experimental factors at different levels of chisel edge angle (A), primary clearance angle (B),
and point angle (C).

Level
Chisel Edge

Angle [◦]
Primary Clearance

Angle [◦]
Point Angle [◦]

Spindle Speed
[rev/min]

Feed Rate,
[mm/rev]

Minimum 30 6 130
Midpoint 37.5 7 135 2600 0.05
Maximum 45 8 140

2.4. Hole Edge Defect Measurement

The quality of a drilled hole in the aircraft industry can be defined based on the hole
edge defects and hole integrity. Delamination in the CFRP phase and burr formation on the
aluminum phase are the major hole edge defects. Poor hole edges can contribute to stress
formation and rivet joint damage during mounting.

2.4.1. Exit Delamination

Delamination in this research was evaluated at the exit side of the CFRP laminate.
Figure 2a shows the sample CFRP panel condition at the exit side after the drilling pro-
cess. The laminate was assessed using an Alicona InfiniteFocus optical microscope at
20× magnification to observe the delamination at the exit side of the CFRP panel in detail
(Figure 2b). To measure the value of the delamination of the CFRP laminate at the end of
the drilling process, a delamination factor was introduced. To make sure that the delami-
nation was within the specification limits according to OEM standards, the delamination
in the bore of the drilled hole at the exit hole face of the CFRP section must be less than
2 mm per side for laminates with a thickness of less than 5 mm. The images from the
Alicona InfiniteFocus optical microscope were investigated using ImageJ software in order
to determine the area of nominal value and the damaged area. The delamination factor,
Fd−exit , was calculated based on the ratio of the damaged area to the nominal area, as
shown in Equation (1).

Fd−exit =
Amax

Anom
(1)

where Anom is the nominal area of the drilled hole and Amax is the damaged area of the
composite laminate after the drilling process.

(a) 

 

(b) 

 

Figure 2. Observation of (a) exit (b) close-up view of delamination at the exit using an Alicona
InfinateFocus optical microscope.

2.4.2. Burr Height

Minimizing burr formation is a vital criterion in drilling. The current study focused
only on exit side burrs, since these generally lead to further processes such as dismantling,
deburring, and reassembly of the stack, while entry side burrs are not significant because
of the compaction force from the CFRP laminate. The primary factors that affect burr
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formation are cutting parameters, tool geometry, and workpiece materials. The smallest
burrs at the hole edge were observed by ref. [36] when the drilling feed rate was increased.
The tendency for burr formation may increase if the material has moderate ductility, since
the material tends to elongate because of the produced heat during the machining process.

Exit burr formation in this study was evaluated using an Alicona Infinite Focus optical
microscope with a magnification of 20×, as shown in Figure 3. The optical measurement
system was a non-contact type that accomplished the task without creating any surface
damage. The detailed maximum burr formation measurement is shown in Figure 4. The
maximum burr height was identified from the 3D diagram obtained from the Alicona
InfiniteFocus optical microscope, and the highest burr point is marked by a red line, as
shown in Figure 4c.

(a) 

 

(b) 

  

Figure 3. Type of burr formation observed under the Alicona Infinite Focus optical microscope:
(a) uniform burr formation, (b) rolled-back burr formation.

(a) 

 

(b) 

 

(c) 

Hbmax = 185.09 m 

Figure 4. Measurement process of maximum burr formation: (a) 3D observation of burr formation,
(b) maximum burr formation identification, and (c) maximum burr formation measurement.
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2.5. Hole Integrity

Hole integrity is defined based on hole circularity or hole roundness and the difference
in hole diameters between materials. Hole circularity defects and large differences in hole
diameters between the stacking materials will also interrupt the assembly process, which in
succession will increase the quantity of scrap panels. These parameters are very important
and must be scrutinized frequently according to the requirements of the customer.

2.5.1. Hole Diameter Error

Ensuring the minimum difference in diameter between holes in CFRP and Al, which
have different material properties, is one of the main tasks while drilling a stack-up material.
The definition of hole diameter error is the difference of measured hole diameter to the
nominal diameter. In the case of the stack-up material in this research work, hole diameter
error was defined as the difference between the measured holes of CFRP and Al (Al7075-T6).
A Crysta-Plus M443 coordinate measuring machine (CMM) with a probe size of 2 mm
and accuracy in measuring error of 3.0 + 4 L/1000 μm was used in this research work to
measure the hole diameter errors for both CFRP and Al7075-T6. It can function in the x-axis,
y-axis, and z-axis, commonly termed the three orthogonal axes, in a three-dimensional
coordinate system. After the probe touched the surface, the point positions acted as the
input and the data were transmitted to MCOSMOS v3 software.

Then, the software employed the x-axis, y-axis, and z-axis coordinates of every discrete
point to find the mean diameter of the hole. The workpiece sample was raised up by a
block, clamped, and placed in a position where it could be reached for measurements of the
x-axis, y-axis, and z-axis. The coordinate system was arranged in a way to choose a datum
point as a reference. The measurement of hole diameters started with the CFRP panel. For
laminates ranging in thickness from 3 to 10 mm, the probe position should be in the center
of the laminate, according to OEM standards. The probe in this research work was moved
towards the center of the drilled hole and then downwards into half of the hole depth of the
laminate thickness, as shown in Figure 5a. The positions of 0◦, 90◦, 180◦, and 270◦ points
were obtained as four reference points during the measurement to confirm the consistency
of this procedure, as shown in Figure 5b. A circle appeared on the screen and the diameter
was recorded. These steps were repeated for Al7075-T6 until the diameters of all the holes
of the sample were measured, as shown in Figure 6. The following Equations (2)–(4) were
used to calculate the hole diameter error for each panel and also between the laminates.

εc f rp = dm − dnom (2)

εal 7075 = dm − dnom (3)

εc f rp/al 7075 = dc f rp − dal 7075 (4)

where εc f rp is the error for CFRP panel; εal 7075 is the error for Al7075-T6 panel; εc f rp/al 7075
is the difference in diameter between stack laminates; dm is the measured diameter; dnom is
the nominal diameter; dc f rp is the measured diameter for CFRP; and dal 7075 is the measured
diameter for Al7075-T6 panel.

2.5.2. Hole Circularity

Hole circularity was measured using the Crysta-Plus M443 CMM in the same way as
the hole diameter was measured. The only difference between the measurement of hole
diameter and that of hole circularity was the number of points obtained for consideration.
At least 40 points should be measured to obtain the least square diameter and circularity of
a hole at a given depth [37]. A sample measurement and the point distribution to obtain
hole circularity are shown in Figure 7. The hole circularity values of CFRP and Al7075-
T6 were individually obtained from the information given in Figure 6 after all 40 points
were touched.
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Figure 5. (a) Position of probe during measurement of each laminate CFRP and Al7075-T6 (b) point
of contact for hole diameter measurement and hole circularity measurement.

 

Figure 6. Example of hole diameter measurement for Al7075−T6 panel.

2.6. Response Surface Methodology (RSM)

RSM [35] has several advantages over Taguchi’s method and is a crucial tool for
optimizing a product or process and solving resilient design problems [38]. RSM was used
to modify the twist drill geometry for single-shot drilling of the stack-up material. In this
optimization study, interactions between the input variables were evaluated. The most
common of all second-order designs, the central composite design (CCD), was used in the
RSM design. The CCD comprises a full factorial design (2k) with 2k of axial or star points
and center points, where k is the number of factors [39]. Between −1 and +1, there are three
levels of variables. Table 3 lists the parameters that were selected for this investigation
along with their coding levels. The formula CCD = 2k + 2k + 6, was used to produce the
number of experiment runs, where k was the number of components with replications at
the design center. A quadratic model was applied to the optimization to fit and estimate
the minimal point. The mathematical model for each answer was created using these data
points, as illustrated in Equation (5) [40,41].

Y = β0 + ∑k
i βiXi + ∑k

i=1 βiiX2
i + ∑k

i=1 ∑k
j=1 βijXiXj (5)
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where, Y is the predicted response; Xi and Xj are the input variables; β0 is an offset term; βi,
βii, and βij are the interaction coefficients of linear, quadratic, and second-order terms.

 

Figure 7. Example of hole circularity measurement of CFRP panel.

Table 3. The parameters selected for RSM investigation along with their coding levels.

Input Variables Lower Level (−1) Coded Level (0) Higher Level (+1)

Chisel Edge Angle [A◦] 30 37.5 45
Primary Clearance Angle [B◦] 6 7 8
Point Angle [C◦] 130 135 140

Design Expert 14 software was used to choose the regression models for the results
based on the highest-order polynomials, significant additional terms, and lack of aliased
models. The regression models were created in terms of coded and real components,
with the best fitting of the quadratic equation or other transformation for all relevant
model variables taken into consideration at values of p-values less than 0.05 [42]. Through
the perturbation plot, the responsiveness of independent variables was determined. To
determine the relationships between parameters, two significant components were chosen
to create the 3D response surface. The intended aim, whether to minimize or enhance the
output, was determined in accordance with the level’s range, following the optimization
process. The software then produced each factor’s optimal value and reaction. The outcome
of the experiment was then compared to the outcome of the regression models, which were
constructed using the best value possible for each factor.

3. Results and Discussion

3.1. Exit Delamination Analysis

Figure 8a,b shows the minimum and maximum delamination, respectively, found at
the CFRP panel’s exit hole. Although the point angle of the drill bit was increased from
130◦ to 140◦, the delamination for the entire run was within the permitted limit. This
amply demonstrates that, during any of the tests, there was never a clear indication of
delamination at the CFRP exit hole when the point angle was increased within the range.
In a similar manner, Senthil Kumar et al. [43] used 118◦ and 130◦ of point angle drills to
examine the effects of point angle on tool performance when drilling composite/Ti stack.
It was determined that the higher point angle (130◦) drills outperformed those with the
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lower point angle (118◦), based on tool wear and chip evacuation analysis. Geng et al. [1]
demonstrated that the drilling thrust force exceeds the critical thrust force when exit
delamination occurs. Since the composite panel’s critical thrust force was not reached in
this research, the entire run was conducted below it.

  Delamination 

a b 

Figure 8. (a) Minimum and (b) Maximum delamination at the exit hole of the CFRP panel for all runs.

Figure 9 shows the detailed exit delamination factor Fd-exit values for the entire run.
The values acquired for each trial appeared to be nearly identical on the graph. The typical
Fd-exit value ranged from 1.0038 to 1.0196. Since every value was below the tolerance level
advised by aerospace manufacturers in accordance with OEM standards, it is evident that
the range of the drill geometry in this study had no impact on the Fd-exit value. However,
ref. [44] reported that twist drills are less efficient than core drills since the thrust force is
not much focused on the middle of the drill bit and cutting edges, but usually distributed
over the periphery of the bit.

3.1.1. Regression Model and ANOVA

To obtain the lowest residuals between the anticipated and actual values for delamina-
tion, the regression model for the response was enhanced using a quadratic model. The
final empirical model for the actual causes of delamination at the CFRP panel’s exit hole
(Y1) is shown in Equation (6).

Y1 = 3.37924 − 2.34867e−3 A − 0.41360B − 0.011186C + 1.53654e−3BC + 0.014163B2 (6)

For (Y1), the F-value in the ANOVA analysis was 8.66 and the probability value
(p-value) was less than 0.05, as shown in Table 4. Furthermore, the p-value of 0.9214 in-
dicated that the lack of fit was related to pure error and was not significant. The model’s
significant value and the lack of fit’s non-significant value supported the validity of the log-
transformed model. The point angle was insignificant, despite the fact that the percentage
of contribution (PC) for each model term, A, B, BC, and B2, had a considerable impact on
exit delamination, with values of 43.7%, 10.5%, 8.4%, and 20.4%, respectively. The values of
the R2, adjusted R2 (Adj R2), and predicted R2 (Pred R2) coefficients were used to assess the
model’s goodness of fit. The Adj R2 value of 0.7053 and Pred R2 value of 0.6885 were in
reasonable accord as the discrepancy was less than 0.2.

79



J. Compos. Sci. 2022, 6, 378

 
 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 

Fd-exit 1.0164 1.0158 1.0144 1.0196 1.0038 1.0183 1.0156 1.0133 1.0113 1.0107 
 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 

Fd-exit 1.0108 1.0089 1.0089 1.0063 1.0157 1.0151 1.0046 1.0090 1.0083 1.0052 

Replication 

Figure 9. Exit delamination factor values of CFRP for all runs.

Table 4. Pooled ANOVA of model for exit delamination of CFRP panel.

Source Sum of Squares df Mean Square F Value p-Value PC (%)

Model (Y1) 0.0032506 5 0.0004911 8.66 0.0015 Significant
Chisel edge angle (A) 0.001695 1 0.001695 29.87 0.0002 43.7%
Primary clearance
angle (B) 0.0004053 1 0.0004053 7.15 0.0217 10.5%

Point angle (C) 3.393 × 10−5 1 3.393 × 10−5 0.6 0.4556 0.9%
BC 0.0003246 1 0.0003246 5.72 0.0357 8.4%
B2 0.0007918 1 0.0007918 13.96 0.0033 20.4%
Residual 0.000624 11 5.673 × 10−5 16.1%

Lack of Fit 0.0001586 6 2.643 × 10−5 0.28 0.9214 not
significant

Pure Error 0.0004654 5 9.308 × 10−5

Cor Total 0.0038746 16
Std. Dev. 7.53 × 10−3 R2 0.7974
Mean 1.04 Adj R2 0.7053
C.V. % 0.73 Pred R2 0.6885
PRESS 9.59 × 10−4 Adeq Precision 10.446

A signal-to-noise ratio greater than 4 is preferred when measuring signal-to-noise with
adequate precision [45]. Since a strong signal was indicated by the ratio (Adeq Precision)
of 10.446, this model was utilized to navigate the design space. According to ref. [46],
R2 should be at least 0.80 for a model to fit the data well. The correlation coefficient
(R2) and adjusted coefficient (Adj. R2) values in this instance were 0.7974 and 0.7053,
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respectively, demonstrating the significance of the fit of the RSM model and its potential
for response prediction.

When the actual value gained through experimentation was compared with the pre-
dictions of the model, as shown in Figure 10a, it can be observed that the points were
evenly split by a 45-degree line, which proved the fit of the model. This established the
reliability of the regression model modifications for predicting exit delamination. The
graph demonstrates that, when compared to the expected value predicted by the empirical
model, the response of the experimental data was mostly contained within the range of
allowable deviations, as shown in Figure 10b. When drilling stack-up material, the CFRP
delamination could be estimated using the regression model created here. The standard
error estimation (SEE) result was 0.0060795.
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Figure 10. CFRP exit delamination analysis for (a) actual and predicted plot and (b) predicted and
residual plot.

3.1.2. Effect of Geometric Parameters on Exit Delamination

For exit delamination of the CFRP (Y1) panel, the perturbation plot shown in Figure 11a
was used to determine the sensitivity of each factor. The exit delamination was significantly
affected by the chisel edge angle (A). The exit delamination of the CFRP was decreased by
increasing the chisel edge angle. With these drill geometries, a lower exit delamination was
consequently produced. In this parameter analysis, the primary clearance angle (B) had
a significantly greater effect than the point angle (C) on the exit delamination (Y1) of the
CFRP. According to the quadratic model that was fitted, a curvilinear profile was observed,
as shown in Figure 11b. By maintaining the third parameter i.e., chisel edge angle constant
at the middle level (37.5◦), the graph indicated delamination with regard to two alternative
parameters. When the point angle was set at 130◦ and the primary clearance angle was set
at 8◦, exit delamination was decreased.

3.2. Burr Height Analysis

Exit burr formation was examined using an Alicona optical microscope and burr
formation was relatively uniform across the circles of the holes. The development of
burrs was likely due to the accumulation of heat from the CFRP panel, which enabled
the extrusion of softened Al7075-T6 at the tool margin area. The twist drill’s optimal drill
geometry for drilling a stack material in a single shot is one that produces the least amount
of burrs because adding a second process to remove the formed burrs would raise the
cost of the manufacturing process. For burrs formed at the exit of the drilled hole, the
deburring process can account for approximately 30% of the total manufacturing cost
and can occupy 40% of the total machining time [47]. According to Sakurai et al. [28], a
large point angle ensured maximum lip movement as soon as possible to prevent work
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hardening, which caused thinner burrs because of a shift in chip flow direction. Low feed
rates (0.05 mm/rev) are required to guarantee the least amount of thrust force in order to
reduce burr development [48].
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Figure 11. (a) Perturbation plot and (b) 3D Response surface for exit delamination of CFRP. A, chisel
edge angle; B, primary clearance angle; C, point angle.

Figure 12 displays the measurements of the maximum and minimum exit burr for-
mation for the typical drilled hole in Al7075-T6. The average Hbmax value was minimal,
measuring between 40.2 and 271.2 μm, as shown in Figure 13. A lower Hbmax value was
found in R16 with a 45◦ chisel edge angle, 6◦ primary clearance angle, and 130◦ point
angle, whereas R3 yielded a higher Hbmax value with a 30◦ chisel edge angle, 7◦ primary
clearance angle, and 135◦ point angle [35]. These results are in line with ref. [49] in which
the burr height ranged from 133.62 to 211.45 μm when they used a 130◦ point angle and
from 1036.25 to 2066.85 μm when they used a tool with a 110◦ point angle. Further, these
authors mentioned that the drill with a 130◦ point angle produced a uniform burr type
and a 110◦ point angle produced transient and crown burrs during single-shot drilling of
CFRP/Al7075-T6 material [49].

(a) 

  
(b) 

  

Hbmax =271.20 μm Maximum Burr 

Hbmin=40.20 μm Minimum Burr 

Figure 12. (a) Maximum and (b) minimum burr formation measurements.
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 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
Hbmax ( m) 73.54 137.7 271.2 199.46 121.4 113.7 84.9 106.18 95.5 95.1 
 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 
Hbmax ( m) 91.90 163.0 133.8 75.90 110.5 40.2 79.2 139.5 90.8 85.7 

Replication 

Figure 13. Burr formation data during all 20 runs.

When the chisel edge angle was reduced to 30◦, the Hbmax value rose, resulting in a
significant rolled-up phenomenon at the Al707-T6 panel’s exit. This is because there was
less space for the chip to flow during evacuation when the bit first contacted the material
during the cutting operation, because the chisel edge angle of 30◦ was less than 45◦, as
shown in Figure 14. The ineffective chip flow increased the shear and decreased the cutting
efficiency during the drilling process. The cutting heat also makes the material more ductile
and uses more energy [32]. As a result, burrs along the hole’s edge are easily produced.
The replicated tools yielded consistent results, as shown in Figure 13, proving that they
were properly manufactured.

 

Figure 14. Space for chip flow showing two geometries with same primary clearance angle and point
angle where (a) drill with 30◦ of chisel edge angle (b) drill with 45◦ of chisel edge angle.

3.2.1. Regression Model and ANOVA

To obtain the lowest residuals between the anticipated and actual values for Hbmax, the
regression model for the response was enhanced by log transformation. The final empirical
model for the actual causes of burr formation at the Al7075-T6 panel’s exit (Y2) was

Y2 = −25.99962 − 0.22321A + 5.9706B + 0.1564C − 0.02019BC + 2.747e−3 A2 − 0.2298B2 (7)

The F-value for Hbmax in the ANOVA analysis was 9.718 and the p-value was lower
than 0.05, as shown in Table 5. Furthermore, the p-value of 0.683 indicated that the lack
of fit was related to pure error and was not significant. The model’s significant value
and the lack of fit’s non-significant value supported the validity of the log-transformed
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model. As indicated in Table 5, the factors that significantly influenced the results had
a confidence level above 95% and a p-value lower than 0.05. The second term, B, was
insignificant, despite the fact that the p-values for the other model terms (A, C, BC, A2, and
B2) had a considerable impact on Hbmax. The adjusted R2 value of 0.733 and the predicted
R2 value of 0.602 were in reasonable accord as the discrepancy was less than 0.2. Since a
ratio greater than 4 is preferred when measuring the signal-to-noise ratio [45], as mentioned
in Section 3.1.1, and a strong signal of 12.85 was obtained here, this model was utilized to
navigate the design space. The correlation coefficient (R2) and adjusted coefficient (Adj R2)
values in this instance were 0.818 and 0.733, respectively, demonstrating the significance of
the fit of the RSM model and its potential for response prediction.

Table 5. Pooled ANOVA of model for maximum burr formation at the exit of Al7075-T6 panel.

Source Sum of Squares df Mean Square F Value p-Value Prob > F PC (%)

Model (Y2) 0.55648 6 0.08024 9.71841 0.0004 significant
Chisel edge angle (A) 0.16492 1 0.16492 19.97565 0.0006 24.8%
Primary clearance
angle (B) 0.0077 1 0.0077 0.93271 0.3518 1.2%

Point angle (C) 0.0569 1 0.0569 6.89196 0.021 8.6%
BC 0.08154 1 0.08154 9.87583 0.0078 12.3%
A2 0.07645 1 0.07645 9.25995 0.0094 11.5%
B2 0.16897 1 0.16897 20.46549 0.0006 25.5%
Residual 0.10733 13 0.00826 16.2%

Lack of Fit 0.05707 8 0.00713 0.70959 0.6832 not
significant

Pure Error 0.05026 5 0.01005
Cor Total 0.66381 19
Std. Dev. 0.09086 R2 0.817699
Mean 2.02779 Adj R2 0.733559
C.V. % 4.48093 Pred R2 0.601704
PRESS 0.2345 Adeq Precision 12.8502

When the actual value gained through experimentation was compared with the pre-
dictions of the model, as shown in Figure 15a, it can be observed that the points were
evenly split by a 45-degree line, which proved the model fit. Figure 15b demonstrates
that, when compared to the expected value predicted by the empirical model, the response
of the experimental data was mostly contained within the range of allowable deviations.
When drilling stack-up material, the Al7075-T6 burr formation could be estimated using
the regression model that was created here. The standard error estimation (SEE) result
for Hbmax log10 was 0.0732, according to Figure 15b. For example, the actual number fell
between 1.9068 and 2.0532, and the anticipated value was 1.98. For a dataset with a normal
linear relationship, the RSM model can be used to estimate the value if two-thirds of the
residual data points (Figure 15b) are within SEE i.e., above or below the least squares
line [50].

3.2.2. Effect of Geometric Parameters on Burr Height Formation

For Hbmax of the Al7075-T6 panel (Y2), the perturbation plot shown in Figure 16a was
used to determine the sensitivity of each factor. The variables had a significant impact on
the specific responses in the drilling of stack-up material. The Hbmax value was significantly
affected by the chisel edge angle (A). The Hbmax value at the exit of Al7075-T6 was decreased
by increasing the chisel edge angle. An extreme chisel edge angle made clearance possible
and made the shearing of materials by the cutting edges more effective (Figure 14). With
these drill geometries, less burr formation was consequently produced. In this parameter
analysis, the primary clearance angle (B) and point angle (C) had a moderate impact on the
response of (Y2).
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(a) (b) 

Figure 15. Analysis of maximum burr formation on Al7075−T6 for (a) actual and predicted plot and
(b) predicted and residual plot.

(a) 

 

(b)  

Figure 16. (a) Perturbation plot and (b) 3D response surface for exit burr height at Al7075−T6. A,
chisel edge angle; B, primary clearance angle; C, point angle.

Figure 16b displays the 3D surface graphs for burr development of Al7075-T6. Ac-
cording to the quadratic model that was fitted, the results had a curvilinear profile. By
maintaining the third parameter i.e., chisel edge angle constant at the middle level (37.5◦),
the graph indicated the Hbmax with regard to two alternative parameters. When minimum
point angle and primary clearance angle were set, i.e., primary clearance angle of 6◦ and
point angle of 130◦, the Hbmax was decreased.

3.3. Multiple Response Optimization

This section presents the target response optimization based on the developed regres-
sion function of each response connected with the cutter geometry. Optimizing the target
response facilitates achieving a set of ideal target response conditions. It can maintain all the
desired response ranges or at least optimize all the desired responses. The target response
technique seeks to improve quality, cost, and time, while increasing product efficiency. In
this study, the target response was optimized using two techniques: an overlay plot and the
desirability function. The objectives of this optimization procedure were to create a cutter
with the least amount of thrust force and burr development. The goal and limitations for
the variables to simultaneously attain many desired goals are tabulated in Table 6.
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Table 6. Goals and constraints for the factors and responses.

Contraints

Factor/Response Goal Lower Limit Upper Limit

Chisel edge angle (A) Within range 30◦ 45◦
Primary clearance angle (B) Within range 6◦ 8◦
Point angle (C) Within range 130◦ 140◦
Burr Height (Hbmax) Minimize 40.2 μm 271.2 μm
Delamination (Fd-exit) Minimize 1.0046 1.0196

Based on the goals, one solution was proposed, as tabulated in Figure 17. A desirability
level closer to 1 indicates that the goals are not easy to reach. In other words, a higher
desirability index represents the closest response to the target or ideal values. As shown in
Figure 17, the proposed solution gave a desirability index of 0.773.

 

Figure 17. Proposed solution report for the optimization tool geometry process.

In this this experiment, the optimal cutter geometry (45◦ chisel edge angle, 8◦ pri-
mary clearance angle, and 130◦ point angle) was proposed based on a combination of the
minimum exit delamination and least amount of burr height, predicted from Equations
(6) and (7) to be 1.00528 and 82.2307 μm, respectively. The predicted optimized results
for the responses Y1 and Y2 are tabulated in Table 7. For the suggested optimal drill bit
shape, the discrepancies between the predicted and actual trial results were 0.11% and
9.72% respectively, hence validating that the proposed optimized cutter geometry was
confirmed in the optimization model.

Table 7. Prediction of the optimized model of twist drill bit for edge defect analysis when drilling
CFRP/Al7075-T6 stack-up material.

Responses (Y) Y1, [μm] Y2, [μm]

Model response 1.00528 82.2307
Experimental 1.00635 74.234

Error (%) 0.11 9.72

3.4. Hole Diameter Error

The hole accuracy attained here was in accordance with industry standards. This
means the diameter tolerances fell within the range of the H8 zone, i.e., 18 μm [31,51]. The
evaluation of the hole diameter error is shown in Figure 18 for both CFRP and Al7075-T6
plates. The absolute difference between the measured value and nominal value is the
diameter error for CFRP and Al7075-T6. The variations in panel diameters between CFRP
and Al7075-T6 are also noted and given the name “stack up diameter error”.
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 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
ea CFRP, [ m] 16.38 8.64 17.32 4.50 8.18 3.76 8.96 21.56 17.78 19.48 
ea Al, [ m] 12.14 5.98 2.86 13.22 9.88 7.38 10.66 10.90 6.88 8.60 
ea Stack, [ m] 4.24 2.66 14.46 8.72 1.70 11.14 1.70 10.66 10.90 10.88 
 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 
Ea CFRP, [ m] 20.64 20.34 20.22 6.28 29.20 0.96 9.26 17.20 11.54 6.68 
ea Al, [ m] 9.62 9.12 9.46 17.96 10.28 2.36 11.10 10.72 3.23 2.78 
ea Stack, [ m] 11.02 11.22 10.76 11.68 18.92 1.40 1.84 6.48 8.31 3.90 

Figure 18. Hole diameter errors between stack-up materials for all runs.

According to the graph, the hole diameter of the CFRP material was found to be
undersized only in R6 with a value of −3.76 μm. This is because a shrinking effect was
induced by the drill geometry during the cutting operation [ref]. The cutting performance
when drilling the CFRP panel would be decreased due to the narrower primary clear-
ance angle. To limit the amount of shrinkage when drilling composite panels, a high
clearance is required. The range for oversized holes in this research was 0.96 to 29.2 μm.
Soo et al. [31] obtained a similar range of oversized holes between 6 to 34 μm while drilling
CFRP/AA7010-T7451 with 6.38 mm flat point drills. Overall, R8, R10, R11, R12, R13, and
R15 [35] did not meet the customer’s specifications since one of the errors was greater than
the OEM standard’s permitted maximum. R16, the ideal cutter geometry, showed the least
error for CFRP, Al7075-T6, and stack-up material. In all of the runs that were analyzed for
stack-up error, values ranged from −1.40 to 18.92 μm.

When comparing individual hole diameters for CFRP and Al7075-T6, in some cases the
hole diameters of Al7075-T6 were larger than those of CFRP and in some cases it was other
way round. Both of these results were obtained in the past by various researchers, with
different explanations. Soo et al. [31] mentioned that while drilling CFRP/AA7010-T7451
aluminum with a flat point drill, the Al layer hole was larger than the CFRP layer hole, as
the former has a lower modulus of elasticity and higher thermal expansion compared to the
latter [20]. Distinct elastic modulus values experience varying levels of elastic deformation
during drilling, resulting in different hole dimensions. Additionally, when drilling Al7075-
T6, the aluminum chips clogged the flute due to the specific geometry and raised the
drilling temperature [52]. A smaller CFRP hole diameter is also due to the fact that the
fibers flex back into the hole after a few days [53]. The cases where the hole diameter
of CFRP was larger than that of Al7075-T6 are largely associated with continuous chip
formation. Continuous chips likely twist along the drill body, leading to clogging. Thus,
hot, sharp chips that are unable to be smoothly evacuated remain in the hole, enlarging the
CFRP holes and deteriorating the surface quality of the CFRP.
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3.5. Hole Circularity

Figure 19 displays the average hole circularity when drilling CFRP/Al7075-T6 stack
material using various drill geometries. Overall, the average hole circularity of the CFRP
laminates was better, ranging from 13.40 to 24.97 μm, compared to 13.23 to 26.07 μm for
Al7075-T6. The results obtained here were better than the results obtained by ref. [31]
in which drilling CFRP/AA7010-T7451 aluminum alloy gave values varying from 5 to
45 μm. In addition, the hole circularity error values obtained in the CFRP layer were
generally larger than those in the Al7075 section [31], which was possibly due to tool
runout causing radial deflection or initial chisel edge sliding (also known as ‘walking’) as
the drill penetrated the top CFRP layer. No ‘walking’ was found in the current experiment,
as no such trend in hole circularity errors was observed between CFRP and Al7075-T6.

 
 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 
CircularityCFRP, [ m] 22.67 21.60 18.47 24.97 13.40 14.97 23.20 18.07 17.17 16.73 
CircularityAl, [ m] 25.97 19.10 24.13 26.07 13.23 11.83 25.53 25.10 15.27 19.23 
 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 
CircularityCFRP, [ m] 16.30 16.27 15.70 14.60 21.40 19.70 14.60 15.50 25.03 14.57 
CircularityAl, [ m] 21.27 18.77 16.83 14.87 20.83 19.37 17.60 18.10 22.27 13.47 

Figure 19. Hole circularity between stack-up materials for all runs in the extended study.

For all runs, the influence of the selected drilling parameter (2600 rev/min and
0.05 mm/rev) produced good results according to OEM standards. The smallest hole
circularity error was found in R5 for CFRP (primary clearance angle = 8◦, point angle = 140◦,
and chisel edge angle = 30◦) and R6 for Al7075-T6 (primary clearance angle = 7◦, point
angle = 130◦, and chisel edge angle = 37.5◦). When the Al7075-T6 first encountered the drill
bit when drilling the stack material, the stability was increased by reducing the tip angle to
130◦. As a result, when the cutting tool needed to cut through the stack of material, there
were less deflections and vibrations.

4. Conclusions

Detailed research, comprising experimentation, analysis, regression model construc-
tion, and optimization of the unique WC twist drill geometry, was successfully conducted
to address hole edge defects and hole integrity of CFRP/Al7075-T6 stack-up material. The
drilled hole in a CFRP panel can simply develop delamination while the drilled hole in an
aluminum panel can be oversized without careful tool geometry and drilling parameter
selection. As a result, the panel will be scrapped and the subsequent assembly procedure
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must be discontinued. Therefore, the ideal way to enhance the drilling process is to op-
timize tool geometry in order to boost drilling productivity and decrease the rejection of
drilled parts.

• Although the point angle of the twist drill had to be raised from 130◦ to 140◦, the
delamination at the CFRP exit hole had a favorable effect on hole integrity.

• The average burr height was minimal, measuring between 40.2 and 271.2 μm. The
lower burr height was found with a 45◦ chisel edge angle, 6◦ primary clearance angle,
and 130◦ point angle. When the chisel edge angle was reduced to 30◦, the burr height
rose, resulting in a significant rolled-up phenomenon at the Al707-T6 panel’s exit hole
due to less available space for chip evacuation.

• The lowest hole diameter error values were obtained with values of 0.96 μm, 2.36 mm,
and -1.4 μm for the stack-up diameter error, CFRP diameter error, and Al7075-T6
diameter error, respectively. At the same time, the hole circularity error was less than
30 μm in all runs, which was within OEM standards.

• Multiple response optimization was employed to optimize drill geometric parameters
and the best drill geometry for a customized twist drill was proposed. To obtain
minimal hole edge defects, it was discovered that the combination of 45◦ chisel edge
angle, 8◦ primary clearance angle, and 130◦ point angle is the ideal drill geometry for
a twist drill design, with a desirability index level of 0.773.
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Abstract: A novel approach of a gas pressure infiltration technique is presented for the synthesis
of Co-Continuous Ceramic Composite (C4). SiC foams of varying pore sizes were infiltrated with
aluminium AA5083. Optical examination revealed that the SiC foams contained open cells with a
network of triangular voids. The number of pores-per-inch (PPI) in the foams was found to depend on
the strut thickness and pore diameter. The compressive strengths of two foam configurations, 10 and
20 PPI, were estimated to lie between 1–2 MPa. After infiltration, the compressive yield strength of the
resulting C4 was observed to increase to 126 MPa and 120 MPa, respectively, for the 10 and 20 PPI C4.
Additionally, the infiltration of ceramic foam with the AA5083 alloy resulted in an increase in strength
of 58–100 times when compared with plain ceramic foam. The failure modes of the composites in
compression were analyzed by crack propagation and determining the type of failure. The study
revealed that shear failure and vertical splitting were the predominant mechanisms of compression
failure, and that the fabricated C4 is advantageous in mechanical properties compared to the plain
ceramic foam. This study, therefore, suggests the use of C4 composites in armour applications.

Keywords: co-continuous ceramic composites; C4; ceramic foam; gas infiltration; compressive
strength; structural characterization

1. Introduction

Ballistic protection systems such as armour generally consist of several layers of
materials. Each layer performs a specific role in attenuating the energy of projectiles [1,2].
Typically, a hard material such as ceramic is positioned on the front striking face and a
matrix composite or high strength steel is placed as the backing face. The front face plate
retards the striking force of the projectile by actions such as tumble, erosion, and fracture,
whereas the backing material absorbs the residual kinetic energy of the projectile to bring
the fragments to rest [3,4]. Ballistic protection plates composed of ceramic sticking face
with polymer matrix composite (PMC) back plates have been extensively explored and
proven for typical ballistic impact conditions. The abrasion resistance and hardness of the
ceramic front face enables it to blunt the approaching projectile and absorb its energy to
reduce the impact hazard. However, poor ductility limits its potential to take multiple hits.
In addition, the processing complexities, cost, and weight of these systems restrict their
wide use. Energy absorption studies in both quasi-static and dynamic conditions have
revealed that steel–steel composite metal foams are suitable for armour. However, strict
desiderata of lightweight materials for the strategic movement of defence personnel and
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vehicles restrain the use of such materials [5,6]. Hence, a review of prior studies indicates
that weight reduction of ballistic protection plates is paramount in the research of alternative
materials for armour.

A study by Chang et al. [6] reported the development of lighter bullet proof material
composed of ceramic faced metal–ceramic interpenetrating composites (IPCs). These IPCs
exhibited better impact resistance and were less susceptible to abrupt demolition due
to the development of stress wave at the interface. The primary reason was attributed
to acoustic impedance mismatch between the metal and ceramic. The interlocking type
microstructure of the IPCs, also termed as co-continuous ceramic composites (C4), imparts
improved fracture toughness, wear resistance, stiffness, and reduced distortions [7,8]. This
distinctive combination of enhanced properties of C4 makes it suitable for applications
which require high specific modulus, high strength, higher corrosion resistance, and im-
proved abrasion properties, such as brake discs and armour [9,10]. Additionally, these
features of C4 can originate new pathways in the design and fabrication of monocoque
armour plates exhibiting appreciably less weight with better ballistic protection that may
not be attained through a conventional approach. Placing emphasis on weight reduction,
which is a requisite for the selection of high specific strength materials in aerospace and
armour applications, previous studies have focused on the fabrication of aluminium-based
composites by strengthening them with high-strength and rigid particulate ceramics such
as B4C, SiC, Si3N4, TiB2 and TiC [10,11]. In C4 composites, the proportion of the ceramic
phase can be higher than that of particle-reinforced composites due to their interpene-
trated structure. Among the available set of ceramics, SiC is the preferred choice due its
mechanical properties, ease of availability, and economic factors. Porous SiC preforms
which are interconnected in three dimensions and impregnated with Al alloys, therefore,
have the potential for applications in transportation and armour [12,13]. Nong et al. [14]
reported the fabrication of 3D SiC/Al co-continuous composite to produce a ventilated
shaft disc brake. The wear and friction behaviour of the prepared C4 in this study was
comparable to that of cast iron and steel. In addition, better thermal conductivity and
better wear resistance were obtained at half the density [15]. Bahrami et al. [16] fabricated
bilayer Al/B4C/rice husk ash composites by the pressureless infiltration method. The study
revealed that the two factors namely, initial preform porosity and chemical composition of
infiltrated alloys, exerted a substantial influence on the electrical resistivity and coefficient
of thermal expansion, respectively. Pressureless infiltration was also utilized to fabricate
Al/Si3N4 silica composites by Soltani et al. [17]. The results depicted that the processing
temperature significantly influenced the modulus of elasticity of the composite. Recent
studies by Prasanth et al. [18,19] report that gravity infiltration of SiC co-continuous foam
with AA7075 and Al 6063 alloy is effective in enhancing the wear and toughness of the
prepared C4 when compared to a monolithic infiltrant material. The compressive strength
of such IPCs, produced by squeeze casting, was reported to be 660 MPa. This is higher
than that of traditional composites reinforced with SiC particles [20]. Similarly, in another
study, infiltration of Ni3Al alloy into porous aluminium oxide by gas pressure infiltration
was investigated. Composites with a low volume of Ni3Al showed a fracture strength of
400 MPa. The highest volume fraction of Ni3Al (30 vol.%) displayed a higher fracture
strength of 675 MPa [21]. Among the diverse Al alloys, AA5083 is a potential alloy for the
regime of C4 composites. Nevertheless, a systematic assessment of AA5083 as an infiltrant
material to produce C4 is essential. Though the pressureless infiltration method [22,23]
is economical and has the benefits of easy industrialization, pressure infiltration [24,25]
is preferred for the manufacture of C4 due to its lower infiltration time, performance, and
efficiency. A recent study by Zhang et al. [26] reported that mechanical-pressure infiltration
method was effective for producing Al2O3/Al based materials for scaffoldings. The study
also reported that the pressure infiltration technique enhanced the interfacial bonding be-
tween Al2O3 layers and the infiltrant Al alloy. Though C4 composites have been extensively
analyzed for wear applications, studies with an emphasis on their compressive behavior
for armour applications are scarce, to the best of the authors’ knowledge.
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Therefore, the focus of this investigation is on the synthesis, microstructural character-
ization, and a detailed analysis of the compressive behavior of AA5083/SiC C4 composites
manufactured through the gas pressure infiltration technique. The properties of the con-
stituent ceramic foam were also analyzed and discussed in comparison with the C4.

2. Materials and Methods

The materials utilized to manufacture the C4 composites are delineated in Sections 2.1 and 2.2
hereunder. The method of infiltration employed to manufacture the C4 is detailed in
Section 2.3. Sections 2.4 and 2.5 describe the analyses of microstructural and mechanical
properties respectively, conducted on the SiC foams and the C4 composites.

2.1. Ceramic Foam

In this study, SiC ceramic foams consisting of two different pore sizes, namely 10 and
20 pores per linear inches (ppi), were employed as the reinforcement network. The foams
were manufactured by the replica method and commercially sourced from M/s Eltech
Ceramics, Tamilnadu, India. Prior to fabrication of the C4, the chemical composition
and purity of the SiC foams were characterized by X-ray diffraction (Empyrean Malvern
Panalytical, Malvern, UK). Copper K-α X-rays of 1.5406 Å were utilized and the diffractions
were collected at a scanning rate of 2◦/min. The collected diffractogram was indexed and
the peak intensity was used to determine the chemical composition of the SiC foams.

2.2. Infiltrant Alloy

The present study utilizes a commercially sourced AA5083 alloy from Disha Steels,
Maharashtra, India in order to infiltrate the pores of the SiC foam to create the C4.
The chemical composition of the as-received alloy, shown in Table 1, was analyzed using
Optical emission spectroscopy (AMETEK-SPECTROMAXx, Kleve, Germany).

Table 1. Chemical composition of AA5083.

Elements

Sample
Mg Mn Fe Si Cr Cu Zn Ti Al

Actual values 4.43 0.55 0.24 0.13 0.094 0.02 0.02 0.058 Balance
Nominal values 4–4.9 0.4–1 0.4 0.4 0.05–0.25 0.1 0.25 max 0.15 max Balance

2.3. Manufacturing of C4

In this study, two configurations of C4 were manufactured by low pressure infiltration
of AA5083 into the pores of the 10 and 20 ppi SiC foams respectively. A custom-designed
Ar gas based set-up, as depicted in Figure 1, was utilized to perform the low pressure
infiltration. The set-up comprises a pressure chamber of dimensions Ø100 mm × 450 mm
capable of heating to a maximum temperature of 1200 ◦C and withstanding a maximum
pressure of 6 bar. The pressure chamber was designed such that it served as a crucible for the
dual purpose of melting and infiltration. The crucible containing SiC foam was preheated to
750 ◦C and a measured quantity of aluminum AA5083 ingot slices were added for melting.
This specific sequence aided in reducing thermal shock exerted on the ceramic foam due to
the difference between room temperature and the furnace atmosphere. It further prevented
sudden clogging of molten Al during the infiltration process. Subsequently, the melt
was superheated to 795 ◦C to accelerate the kinetics of infiltration. To facilitate pressure
infiltration, the atmospheric air present in the chamber was evacuated by a rotary vacuum
pump to a level of 10−2 bar. Subsequently, Ar inert gas was purged into the sealed chamber
to raise the pressure to 4 bar. The composite melt was maintained in this environment for
one hour to ensure complete infiltration. Thereafter, the infiltrated composite was allowed
to solidify and cool to 400 ◦C in the furnace and eventually, by air cooling. The fabricated
C4 was then machined out by a series of facing, turning and grinding operations.
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Figure 1. Gas pressure infiltration setup.

2.4. Analyses of Microstructural Properties

Subsequent to manufacturing the C4, the quality of infiltration in both configurations
of SiC foam and C4 samples was determined by measuring the porosity levels using
Archimedes’ principle. The average porosity of three foam samples for each of the two
configurations was determined using Equations (1)–(3).

Porous Density, PD =
Mass of porous foam

Volume of porous foam
g/cc (1)

Bulk Density, BD =
Aggregrate mass of SiC particles in the foam

Volume of porous foam
g/cc (2)

Percentage Porosity, PP =

(
1 − PD

BD

)
× 100 (3)

The porous density (PD) of the foam in Equation (1) represents the density encompass-
ing the pores in the foam structure. The bulk density (BD) in Equation (2) was estimated
using the actual quantity of SiC particles that constitute the foam. The percentage porosity
(PP) in Equation (3) is a measure of the air pores available to be completely filled by AA5083
during the infiltration process. The volume fractions of the ceramic and Al phases in the
C4 were estimated by Archimedes’ principle using Equations (4) and (5).

Volume fraction of Al in C4 =
Volume of Al in C4

Volume of C4
(4)

Volume fraction of SiC in C4 =
Volume of SiC in C4

Volume of C4
(5)

Next, microstructural studies were performed on the two SiC foam configurations
and the C4 composites thus manufactured. All metallographic samples analyzed in this
study, were prepared by standard metallographic sample preparation procedures using a
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Struers Tegramin-25 grinding and polishing machine. The optical micrographs of un-etched
samples were captured using a ZEISS Axio Imager M2m optical microscope (OM).

2.5. Analyses of Mechanical Properties

The mechanical properties of SiC foams and the C4 were assessed through compression
tests. A set of three samples each from SiC foams and C4 of dimensions Ø70 mm × 22 mm
and Ø13 mm × 25 mm, respectively, were utilized as compression specimens. The com-
pression tests were performed in accordance with ASTM E9 standard using a universal
testing machine (Tinius Olsen, Norway) of capacity 50 kN with a cross head velocity of
0.5 mm/min. Subsequently, fractography analysis was performed in order to substantiate
the observations from compression tests. The fractured face and the lateral sides of the
specimen were examined using an optical microscope (Dino-lite capture) for indications of
crack lines, shear failure, and vertical splitting failure of composite.

3. Results and Discussion

3.1. Metallographic Analysis of SiC Foams

The X-Ray diffraction pattern was extracted for the two configurations considered in
this study, namely the 10 ppi (F10) and 20 ppi (F20) SiC foams. The identified constituents
of the F10 and F20 foams and crystallographic structures along with their Joint Committee
on Powder Diffraction Standards (JCPDS) reference patterns are listed in Table 2.

Table 2. SiC foam compounds identified by X-ray diffraction.

Foam Type JCPDS Compound
Crystallographic

Structure
Distance between
Atomic Planes (d)

Bragg Angle
(2θ)

Miller Indices
(hkl)

10 ppi (F10) and
20 ppi (F20)

00-029-1128 SiC Hexagonal

2.62 34.08 101
2.50 35.65 102
2.35 38.15 103
2.17 41.40 104
1.54 59.99 110
1.40 65.70 109
1.30 71.70 202

01-076-7775 Al2O3 Rhombohedral

3.40 25.51 012
2.55 35.06 104
2.38 37.68 110
2.09 43.24 113
1.60 57.35 116
1.40 66.34 214
1.37 68.03 300

01-089-1304
CaCO3 +

Mg Rhombohedral
3.02 29.50 104
1.90 47.70 018
1.86 48.66 116

01-076-0940 SiO2 Tetragonal 4.07 21.81 101

Next, during quantitative phase analysis, a refinement was performed with the High
Score Plus 4.8. The results of the quantitative analysis of phase weight fractions and the
percentage of each constituent for F10 is shown in Figure 2.

Figure 3 presents the indexed diffraction pattern for F20 along with the identified phases.
All major peaks were assigned to the dominant phases, namely SiC and Al2O3. In addition,
small peaks corresponding to CaCO3 and SiO2 were also identified. The compositional details
of each compound are listed in Figure 3.
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Figure 2. XRD pattern of F10.

Figure 3. XRD pattern of F20.

The peak intensities of F10 and F20 as depicted in Figures 2 and 3 were used to
calculate the weight fraction of each phase in a mixture and are tabulated in Table 3.
The X-ray diffractograms confirmed that SiC was the major constituent of both the foams.
In addition, compounds such as Al2O3, CaCO3, Mg and SiO2 were also observed.

Table 3. Weight fraction of phases.

Foam Configuration
SiC
(%)

Al2O3

(%)
CaCO3 + Mg

(%)
CaCO3

(%)
SiO2

(%)

10 ppi 58 17 14 - 11
20 ppi 62 19 - 9 10

It can be inferred from Table 3 that the SiC content of F20 is higher than that of
F10. It is well known that the ceramic phase, namely SiC, is brittle in nature. This can
potentially lead to crack initiation and brittle fracture in the ceramic phase when subjected
to compression [27].

3.2. Porosity and Structural Analysis of SiC Foams

The porosity of the foams was estimated using Equations (1)–(3) and is tabulated in
Table 4. It can be inferred from Table 4 that the BD and PP of F20 is less than that of F10. This
suggests a variation in the morphology of SiC struts between the two foam configurations.
Therefore, a detailed study of the morphology of the two foam structures was conducted.
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Table 4. Porosity of foams.

Foam Configuration PD, g/cc BD, g/cc PP, %

10 ppi 0.477 2.476 80.73
20 ppi 0.469 2.062 77.25

Figure 4a–d represents the morphologies of the F10 and F20 SiC foams respectively.
The strut thickness and pore diameters of both foams are tabulated in Table 5.

Figure 4. Optical Morphologies of the SiC foams: (a); 10 ppi; (b) 20 ppi; (c) struts; and (d) triangular
voids in foam.

Table 5. Comparison of foam morphologies.

Foam Configuration Strut Thickness (mm) Pore Diameter (mm)

10 ppi (F10) 0.83 ± 0.25 2.5 ± 0.45
20 ppi (F20) 0.53 ± 0.14 1.61 ± 0.45

It can be inferred from Table 5 that the strut thickness and pore diameter of F20 is less
than that of F10. Figure 4b reveals that F20 is highly interconnected when compared with
F10. This signifies that a foam with lower strut thickness and pore diameter will possess a
highly interconnected network of SiC. Additionally, it can be deciphered from Table 5 that
the pore diameter decreases with an increase in the ppi of the foam.

In addition to the pore diameter and strut thickness, the strength of struts is a crucial
factor influencing the mechanical strength of the foam. The SiC foams considered in this
study consisted of an open-cell structure with a network of voids. These foams, as shown
in the insets of Figure 4a,b, are termed as reticulated ceramics [28]. The extreme porosity,
interconnected void volume, adjacent pores and their light weight make reticulated SiC
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ceramic foams ideal for the infiltration of molten metal [29]. As evident from Figure 4c,d,
these porous structures possess hollow triangular voids that led to a reduction in their mass.
Investigation of the strut structure of the F10 and F20 foams revealed that the estimated
average side length of the triangular voids was ~466 μm and ~377μm, respectively.

3.3. Microstructural Analysis of C4

The optical micrographs of the as-cast C4 samples comprising the F10 and F20 foams
infiltrated with AA5083 are shown in Figure 5. The ability to bear the compressive load
exerted on the composite substantially depends on the morphology of the foam and
infiltrant Al [20]. It can be observed that both infiltrated composites exhibit a spherical
morphology. In particular, the C4-F10 exhibited a single lobe structure when compared
with C4-F20 which reveals a double lobe structure. This distinction can be attributed to the
small pore size of the F20 as detailed in Section 3.2. During formation of the composite,
the molten Al impregnates and fills the pores of the foam, resulting in the characteristic
lobe structures of the F10 and F20 foams. These distinctive morphologies, namely the lobe
structures, have a salient effect on the compressive load-bearing capacity of the resulting
C4 composite. Figure 5 also depicts through interpenetration of the Al alloy inside the
voids of both SiC foams. The volume fractions estimated using Equations (4) and (5)
are listed in Table 6. The table denotes that both configurations of C4 have approximately
80% by volume of AA5083 infiltrated into the SiC foams.

Figure 5. Microstructure of as-cast composite samples: (a) C4-F10; and (b) C4-F20.

Table 6. Volume Fraction of the C4.

Composite
Volume Fraction (%)

AA5083 SiC

10 ppi
80.73 19.27(C4-F10)

20 ppi
77.25 22.75(C4-F20)

3.4. Mechanical Property Analysis

As delineated in Section 2.5, the assessment of mechanical properties was performed
by conducting compression tests on the two foam configurations, namely F10 and F20,
and on the manufactured co-continuous composites, namely C4-F10 and C4-F20. The quasi-
static stress-strain response of the SiC foams and three samples each of the C4 composites
are depicted in Figure 6. The inferences of the salient outcomes from the compression tests
are tabulated in Table 7.
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Figure 6. Compressive stress-strain behaviors of (a) 10 ppi SiC foam and its C4 (b) 20 ppi SiC foam
and its C4.

Table 7. Inferences from Compression Tests.

10 ppi 20 ppi

Foam (F10) C4 (C4-F10) Foam (F20) C4 (C4-F20)

Elastic modulus ~0.96 MPa ~2.67 GPa ~2.3 MPa ~2.69 GPa
Yield strength (MPa) ~1 ~74.3 ~1.3 ~71.6

Compressive strength (MPa) ~1.22 ~126 ~2.05 ~120
Improvement in compressive

strength ~100 times ~58 times

Energy absorbed per unit
volume (J/mm3) ~1.07 ~14.17 ~1.68 ~13.39

Improvement in energy
absorption ~13 times ~8 times

In the displacement curves in Figure 6, the strength of the C4 and SiC foam are
marked on the primary and secondary Y axis respectively. From Table 7, the yield strength
of F10 and F20 are observed to be ~1 MPa and ~1.3 MPa, respectively. In comparison,
the displacement curves of the C4 show that the infiltration of AA5083 melt into the
pores of SiC imparts an enhancement in yield strength with values of ~74.3 MPa and
~71.6 MPa for C4-F10 and C4-F20 samples, respectively. As can be deciphered from Table 7,
the compressive strength of the SiC foam for the 10 and 20 PPI configuration was ~1.22 MPa
and ~2.05 MPa. In contrast, the compressive strength of the C4-F10 composites was
~126 MPa and that of the C4-F20 configuration was ~120 MPa. It can be inferred that the
compressive strength of 10 PPI SiC foam was enhanced by about 100 times by infiltrating
with ~81 vol.% of AA5083 alloy. In comparison, the compressive strength of the 20 PPI SiC
foam improved by close to 58 times when infiltrating with ~77 vol.% of AA5083 alloy.

Table 7 also lists the energy absorbed (EA) per unit volume by the foam and the C4
during compression tests. It was observed that the EA of SiC foam was estimated to be
~1.07 J/mm3 and ~1.68 J/mm3 for 10 PPI and 20 PPI foams respectively. The infiltration of
SiC foams with AA5083 enhances the energy absorbed per volume of the C4 samples in
both 10 and 20 PPI configurations to ~14.17 and ~13.39 J/mm3, respectively. In addition
to the strength and EA, the infiltration of AA5083 alloy remarkably enhanced the elastic
modulus from ~0.96 and ~2.3 MPa for the foams to ~2.67 and ~2.69 GPa for the equivalent
C4 composites as observed from Table 7. Therefore, it is evident that the infiltration of
AA5083 into SiC ceramic foam simultaneously enhances the strength, elastic modulus and
toughness, quantified by EA, of the resulting C4.
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A salient inference from Table 6 is that the volume fraction of AA5083 in both 10 and
20 PPI composites are nearly the same. However, the compressive strength and EA of the
composite is higher in case of the C4-F10 when compared with C4-F20, indicating that the
compressive strength depends on the characteristics of the foam. The foam characteristics
include PPI, pore diameter and strut thickness.

3.5. Compressive Behavior of C4

In order to comprehend the behaviour of the C4 when subjected to compression,
a typical stress–strain curve obtained for the C4-F10 is shown in Figure 7. The curve can be
segregated into four regions. The smooth line in region AB represents the elastic zone of
the composite, during which no cracks were observed. Region BC represents the transition
from elastic to failure zone. This was characterized by a minor bend in the curve with
a reduced slope when compared to region AB. No cracks or strut failures occurred in
the region AC. Subsequently, when the C4 traverses the transition region of BC, failure
initiates after point C. It was observed during compression tests that the failure of the
composite initiated within the foam was due to its brittle nature. The saw-tooth pattern
in region CD was therefore attributed to the progressive cracking of the SiC struts. This
was characterized by a cracking noise during testing. In this region CD, the AA5083 in the
composite bears the load until point D. Finally, in region DE, the saw- tooth pattern was
found to occur due to the splitting of the SiC-Al interface of the C4.

Figure 7. Compressive behavior of C4-F10.

3.6. Fractography Analysis

Analysis of the fractured surfaces, referred to as fractography, is essential to reveal
the genesis and mechanism of failure [30]. Figure 8a shows the macroscopic image of the
specimen of C4 before application of the uniaxial compressive load. It is evident from the
figure that the AA5083 (bright phase) has infiltrated the pores of the SiC foam (dark phase)
to form the C4. During compression tests, it was observed that, cracks first initiate at the
SiC foam and then propagate to the ductile Al phase as evident from Figure 8b. Since both
the C4-F10 and C4-F20 comprise approximately 80% of ductile Al and 20% of brittle SiC
foam in a bulk form, it is expected to follow the ‘shear failure’ mode, characteristic of a
ductile material. However, as evidenced from Figure 8b, the crack lines deviate from the
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theoretical line due to disruptions caused by SiC struts. Minor cracks of low intensity were
observed to be formed and to propagate for short distances within the specimen. Although
the ‘shear failure’ was expected, other types of failure such as ‘Vertical splitting’ were found
to occur. Vertical splitting refers to failure along the direction in which the compressive load
is applied [31]. This resulted in major cracks originating and propagating along the SiC
struts, as deciphered from Figure 8c. The study of the fracture surfaces thus revealed that,
the failure of C4 composites is contingent on the profile and orientation of the SiC struts.
Hence, it can be proposed that, cracks initiate in the region of weak cell-walls of the foam
structure. Subsequently, the cracks propagated to the surrounding cell-walls and plateau
junctions. This correlates well with prior observations reported in literature [32–34].

Figure 8. Macroscopic fractography of C4 composites: (a) composite without compression;
(b) composite crack lines showing shear failure; and (c) composite crack lines showing vertical
splitting failure.

3.7. Microstructure of Post-Test C4 Composite

Figure 9a,b exhibit the optical microstructure of the C4-F10 and C4-F20 respectively
after compression tests. The microstructure reveals multiple cracks of varied sizes on the
SiC struts in both configurations of the C4. In contrast, limited cracks are observed in
the AA5083 matrix of C4 composite. This suggests that the quality of interfacial bonding
between the Al matrix and foam structure is a paramount factor governing the compres-
sive behavior of C4 composites. The phenomenon of shear failure and vertical splitting
discussed in Section 3.6 is also evident from the micrographs.

Figure 9. Optical micrograph of post-tested C4 composite (a) C4-F10 (b) C4-F20.
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4. Conclusions

Two configurations of C4 composites composed of 81% and 77% by volume of AA5083
infiltrated into SiC ceramic foam of 10 and 20 PPI respectively, were synthesized using
gas pressure infiltration technique. The foams and C4 were subjected to compression tests.
The following conclusions were drawn from the study.

1. The XRD analysis for SiC foams (F10 and F20) revealed the presence of SiC, Al2O3,
CaCO3 and SiO2. Additionally, F20 was found to possess higher amounts of brittle
SiC when compared to F10.

2. The study of porosities indicated that the BD and PP of F20 was lower than that of
F10. Extensive study of the morphology of the two foam structures revealed that the
strut thickness and pore diameter of F20 is lower than that of F10. Additionally, F20
was observed to possess highly interconnected SiC strut structures when compared
to F10.

3. The microstructure of the as-cast composite samples revealed single lobe and double
lobe spherical structures for the C4-F10 and C4-F20, respectively. These characteristic
lobe structures contribute to the compressive load bearing capacity of the composites.

4. The inference from compression tests was that, overall, the C4-F10 exhibited a better
compressive strength of 126 MPa, a significant increase of nearly 100 times, when
compared with the bare foam. This indicates that the characteristics of the chosen
foam such as strut thickness, pore diameter, and the network of triangular voids is a
crucial factor influencing the compressive strength of the C4.

5. The study also revealed that, infiltration of SiC foams with AA5083 enhanced the
energy absorbed, strength and elastic modulus of the C4.

6. Fractography analysis revealed that cracks initiate in the frame of the C4 namely,
the SiC foam structure. The AA5083 matrix delays the propagation of the cracks and
thereby the premature failure of such composites.

7. Analysis of the compressive failure specimens indicated that the composites followed
shear and vertical splitting failure modes. The orientation of the SiC struts was
observed to be crucial in preventing crack propagation.
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Abstract: Development of the organomorphic ceramic-matrix composites (CMCs), where the re-
inforcing preform is built using polymer fibers subject essentially to hot pressing, was motivated
by a desire to obtain much higher structural uniformity as well as to reduce the number of the
process steps involved in the production of CMCs. This paper addresses the peculiarities of the
organomorphic silicon carbide preform formation process. Using X-ray phase analysis, tomography,
mass and IR spectroscopy, and thermomechanical and X-ray microanalysis, both the properties of the
initial fibers of polycarbosilane (PCS)—the silicon carbide fiber precursor—and their transformation
in the preform while heated to 1250 ◦C under constant pressing at 10–100 kPa were studied. Analysis
of the data obtained showed the organomorphic SiC preform relative density at a level of 0.3–0.4
to be ensured by self-bonding of the silicon carbide preform, resulting from the fact that during
the low-temperature part of pyrolysis, easily polymerizing substances are released leaving a high
coke residue, thus cementing the preform. Another possible factor of SiC framework self-bonding
is the destruction of the polymer fibers during pyrolysis of various PCS preforms differing in their
methylsilane composition (for example, dimethylsilane), where deposition of silicon carbide on the
contacting fibers starts as early as at 450–500 ◦C.

Keywords: polycarbosilane (PCS); fiber; pyrolysis; self-bonding; silicon carbide; organomorphic
preform (OP)

1. Introduction

At the core of ceramic matrix composites (CMCs) is their reinforcing system. The
existing technology for fabricating the reinforcing system involves multiple stages. These
stages include a number of operations, namely, the production of elementary organic fibers
from the relevant precursor, whereupon they are subject to step-by-step pyrolysis as part of
a multifilament (made of thousands of filaments) tow: manufacturing of a fabric or a tape
to be impregnated with a binder to obtain the prepreg; molding of the preform by curing;
and carbonization that involves high-temperature annealing. There are certainly other
ways for obtaining the reinforcing system using the available mechanical binding methods
(multi-dimensional weaving, needle punching, and braiding); however, the reinforcing
frames obtained using the aforesaid methods show a relatively low density and cannot be
used as a basis for structural composites without the use of a binder. The numerosity of the
operational processes involved results in the high fabrication cost of the preform as well as
the CMC itself.

A special feature that defines the CMCs obtained using conventional methods is
their rather non-uniform structure that, for the time being, cannot match the structural
uniformity of graphite, metal, and ceramics. This prevents us from expanding the scope of
CMC application as an alternative to these materials. It seems that any efforts to solve this
problem by modifying a conventional preform, one way or another, are bound to fail. The
use of multifilament tows, which are immanent features of the state-of-the-art technology,
will result intrinsically in a non-uniform distribution of the reinforcement in relation to the
composite volume, since the filament diameter range between 7 μm and 15 μm, and the size
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of the voids between the multifilament tows will make up 300–400 μm to 700–1000 μm and
between the filaments—0.3–0.7 μm. The notable micro non-uniformity of the reinforcing
preform will impose a natural limitation on its minimum thickness. Obtaining a composite
material where the elementary fibers alternate uniformly with the matrix, thus bringing the
dimensional limit of the material essentially about the diameter of the fiber itself, would
bring the lower limit of the thickness of the parts down to 150–200 μm. Such a possibility,
along with a notable reduction in the number of the process steps, may expand significantly
the scope of application of CMCs through inclusion of many promising applications where
CMC can be used instead of graphite, traditional ceramics, or metal.

The search for a solution of this problem resulted in the development of the so-called
organomorphic CMCs (C/C, C/SiC, and SiC/SiC) reinforced with a framework based
on organic polymer fibers used for the most common carbon and ceramic fibers, namely,
polyacrylonitrile (PAN), polycarbosilane (PCS), and polysilazane (PSZ) [1].

Using PAN fibers as an example, hot pressing (up to 1000 ◦C) of PAN preforms was
found [2] to provide carbon reinforcing frames, showing a high relative density of up to 0.4
and an open porosity of 50–60% represented by pores of an equivalent diameter ranging
from several micrometers to several tens of micrometers. The method used to build the
reinforcing carbon preform was found to provide self-bonding (as inherited after pyrolysis)
of the filaments. The new quality of the carbon preforms made it possible both to provide
an effective substitute for the molybdenum electrodes used for ion thruster accelerating
electrodes [3] and to find more effective methods to CVI them with the silicon carbide
matrix [4].

Self-bonding during so-called hot pressing (up to 170 ◦C) is a well-known phenomenon
typical of natural fibers such as cotton and wood [5–8]. This phenomenon, resulting from
a physical contact between the fibers as well as the presence of a bonding-conducive
polymer on their surface, makes it possible to fabricate high-strength boards made of
natural materials without any binder.

However, the organomorphic CMC preforms made of polymer fibers are subject to an-
nealing at up to 1800 ◦C, and they are not limited by the process temperatures characteristic
of the natural fibers. Therefore, it is important to determine the presence of self-bonding
in the PCS preforms pyrolized under pressing, including at the low-temperature (up to
400 ◦C) pyrolysis stage. Formerly, self-bonding was observed in pyrolized PAN-based
preforms [1,2].

The PAN- and PCS-fibers differ significantly in their chemical composition and struc-
ture. At the same time, it seems that the self-bonding discovered previously for PAN fibers
during pyrolysis under pressure must be basically of general nature, and the governing
laws of obtaining the carbon and SiC preforms, respectively, must be more or less the same.

2. Materials and Methods

The PCS fibers of Kompozit JSC make, thermally stabilized at 200 ◦C (molecular mass
distribution Mn ≥ 1600, polydispersity coefficient D ≤ 1.8, 90% wt. residue after etching
treatment) in air, 19–24 μm in diameter, were studied with the Skyscan-2011 nanotomograph
(London, United Kingdom) using the following scanning parameters: U = 50 kV, I = 200 mkA,
rotation angle—0.3◦ as averaged over 5 frames, and spatial resolution—0.3 μm/pixel.

The PCS fiber behavior, while under load, was studied with the thermomechanical
analysis method (TMA) using the TMA Q400 EM (New Castle, Delaware, USA). The test
sample in the form of layers of fibers, 7 mm in diameter and 3.4 mm in thickness, was
placed in a special pot made of high-density organomorphic C/C, 7 mm in diameter, 11 mm
in height, and 1.5 mm in wall thickness. Next, the fiber sample was pressed with a quartz
indenter, 2.54 mm in diameter (Figure 1), to be heated up to 400 ◦C in air at a rate of
1 deg/min, under a static load of 0.588 N and a dynamic load of (±0.294 N), keeping a
record of the time change in the elasticity modulus and sample thickness.
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Figure 1. EXPANSION probe.

The structure and functional groups of the PCS fiber macromolecules, both before
and after TMA, were analyzed using X-ray tomography with the XT H 320 LC X-ray
tomography system (METRIS, Tring, UK) and using IR spectroscopy with the Netzsch STA
449 F3 Jupiter (Selb, Germany).

The PCS fiber thermal decomposition kinetics was studied in high-purity nitrogen flow
with the TGA-DSC method using the TA Instruments SDT 650 synchronous differential
thermal analyzer (New Castle, DE, USA) at the rate of a temperature rise of 10 degrees
per minute.

The PCS fiber gas emission during heating up to 800 ◦C in vacuum was studied using
the laboratory mass spectrometer equipped with the CIS300 quadrupole mass analyzer
(Sunnyvale, CA, USA). The PCS fibers, 1–5 mg in weight, were placed in a quartz ampoule
connected to the quadrupole mass spectrometer vacuum system. The ampoule was pumped
out at the room temperature down to ~10−3 Pa and connected to the mass spectrometer
chamber. While keeping continuous record of the mass spectra, the ampoule was subject to
heating from the room temperature up to 800 ◦C at a constant rate of 5 deg/min. The mass
spectra were recorded every 90 s, over the mass number range of 1–220. Simultaneously,
record of the pressure in the mass spectrometer chamber (sensor MID-2) and in front of the
mercury diffusion pump behind the nitrogen trap (sensor MID-1) was kept.

To obtain the organomorphic preforms from the silicon carbide fiber, the fibers in the
form of a tape composed of 150-filament threads were placed in a graphite container with
the internal dimensions of 120 × 60 × 28 mm in the directions of 0◦ × 0◦ and 0◦ × 90◦,
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whereupon a commensurable massive graphite punch was installed onto the fibrous PCS
workpiece, placing an additional load on the top [9]. The total load on the fibrous polymer
workpiece (cover + load) was 700 N. The ready assembly was installed in a vacuum
resistance furnace to be heated up to 1250 ◦C in non-oxidizing gas (nitrogen) at a rate of
300–400 deg/h. After cooling down, the organomorphic SiC preform was removed from
the container to determine the density, whereupon test samples of about 20 × 10 mm in
size were cut out of it with a sharp knife for microstructural analysis.

The density and porosity of SiC preforms were measured using the Archimedes method.
To study the structural changes in the material, the scanning electron microscope

FEI Quanta 600 FEG (Eindhoven, The Netherlands) with field emission and integrated
microanalysis system EDAX TRIDENT XM 4 was used. For X-ray phase analysis, the
Empyrean diffractometer (PANalytical B.V., Willmington, Delawer, USA) equipped with
the specialized HighScore Plus software for phase analysis with a built-in database of
reference structures PAN-ICSD (Inorganic Crystal Structure Database) was used.

3. Results

3.1. Initial PCS Fiber Properties

Analysis of the initial PCS fibers reveals a completely amorphous and disordered
nature of the structure, as evidenced by the fact that the small-angle scattering shows no
reflection (Figure 2).

Figure 2. Meridional (1) and equatorial (2) scans of PCS fiber bundles in the small-angle area.

Microtomography of the polymer fibers shows no systematic difference in the near-
surface and intra-volume areas (Figure 3).

It is clear, however, that there are more or less dense microvolumes in the fibers, which
speaks for certain structural defects of the organic filaments.

3.2. Analysis of the PCS-Fiber Properties during the Pyrolysis

Thermomechanical analysis of the PCS fiber bundle 3-mm thick reveals complex
deformation of the test sample under simultaneous static/dynamic loading with rising
temperatures (Figure 4).
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Figure 3. Interperpendicular sections of PCS fibers.

 

Figure 4. Elasticity modulus vs. temperature curves obtained for the PCS fiber bundle.

What draws attention is the timely coincidence of the sharp decrease in the sam-
ple thickness and the rapid increase in the elasticity modulus—both processes start at
215–220 ◦C. The decrease in thickness can be explained both by the partial tangential
displacement of the fibers towards the pot walls with rising temperature due to friction
reducing between the fibers and the increase in the degree of their contact simultaneously
with the deformation of the fibers themselves at a temperature preceding the pyrolysis
onset temperature. On the DTG curve, the onset of gas emission from PCS fibers practically
corresponds to the start of the events during TMA (Figure 5).
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Figure 5. Thermogravimetric analysis of PCS fibers.

Mass spectroscopy of the PCS fibers shows that, according to the MID-2 pressure
sensor readings, the low-temperature peak of gas emission starts at 215 ◦C, reaches its
maximum at 270 ◦C, and ends at 470 ◦C (Figure 6).

The MID-1 pressure sensor fails to record this broad peak, meaning that in the specified
temperature range, release of volatile substances with the mass-to-charge ratios of 18 (H2O),
28 (CO), and 44 (CO2) that condense at the liquid nitrogen temperature takes place. These
low-molecular weight compounds ensure the loss of about 2% wt. of PCS fibers in the
temperature range under study, i.e., 215–470 ◦C (Figure 5). Removal of oxygen-containing
compounds from the composition of the fibers results inevitably in the partial breakage of
the oxygen cross-link in PCS macromolecules, ensuring an increase in their mobility and
ability for autohesive interaction.

The second (higher) peak of gas emission starts at 500 ◦C, reaches its maximum at
660 ◦C, and ends at 740 ◦C. In this case, the MID-1 pressure sensor does show it, meaning
that it is associated mainly with release of hydrogen, since it is not frozen at the liquid
nitrogen temperature. The mass spectrometry results also correlate with the DTA data of
differential thermal analysis (Figure 5). However, according to [10], a significant mass loss
(more than 7% wt.) is provided by the evolution of both hydrogen and methane.

Thus, in the range of 215–400 ◦C, transformations occur both in the composition and in
the structure of the PCS fibers, leading both to a decrease in the thickness of the compressed
sample and an increase in its elasticity modulus.
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Figure 6. Changes in the total gas release from the PCS fibers when heated in the mass spectrometer.

3.3. Analysis of the PCS-Based Organomorphic Preform (OP) Microstructure and Properties after
Different Stages of the Pyrolysis

After TMA, the test sample represents a fairly dense tablet (Figure 7).

  
(a) (b) 

Figure 7. PCS test sample before (a) and after (b) thermomechanical analysis at up to 400 ◦C.

Analysis of the PCS sample microstructure after TMA shows clearly visible insular
buildups on the fiber surface (Figure 8), while in the initial state the fiber surface was free
of them.
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(a) (b) 

Figure 8. Morphology of PCS fibers before (a) and after (b) thermomechanical analysis at up to 400 ◦C.

These buildups are not present on all fibers and are characterized by irregular con-
centrations. It is probably for that reason that, after TMA, the PCS sample shows less
irreversible compression in the indenter pressure area than the PAN sample, the entire
surface of which is covered with resin-forming compounds that effectively bind the fila-
ments [2] (Figures 9 and 10).

 

Figure 9. Morphology of PAN fibers after pressing at 180 ◦C [2].

  
(a) (b) 

Figure 10. Tomographic images after TMA: (a) PCS fiber and (b) PAN fiber [2].
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Analysis of the PCS fiber sample composition using IR spectroscopy showed the
sample underwent significant changes during TMA; what remains in the IR absorption
spectrum of the fiber after TMA are signals at 780, 1220 cm−1 (Si–CH3 bonds), 1440 cm−1

(C–H bonds), and 980 cm−1 (Si-CH2–Si bonds) [10,11] (Figure 11).

Figure 11. Results of IR-spectroscopy of the PCS fibers before (1) and after (2) TMA.

After TMA, signals at 1370, 1750, and 2960–3020 cm−1, part of which are related to
oxygen-containing bonds, disappear. These changes also correlate with both the results
of mass spectroscopy and the compressed fiber transformation. The persistence of the
irreversible deformation of the PCS sample after TMA, albeit to a lesser extent than in the
case of the PAN sample (Figure 10), explains the increase in the elastic modulus of the
compressed region during TMA; formations protrude onto the surface of the filaments and
interact with each other autohesively to fix the gradual transformation of individual fibers
into a single whole.

Therefore, the insular nature of the self-bonding areas of the fibers does not prevent
the formation of dense and highly processible reinforcing silicon carbide frames of various
reinforcement structures that proceed from organic to inorganic state, accompanied by their
shrinkage as a whole (Figure 12).

114



J. Compos. Sci. 2023, 7, 81

(a) (b) 

(c) 

Figure 12. OP-SiC: (a) unidirectional PCS tape in a container before pyrolysis; (b) SiC frame,
90 × 45 × 4 mm in size, reinforcement scheme 0◦/0◦ [1]; and (c) SiC frame, 90 × 45 × 3.5 mm
in size, reinforcement scheme 0◦/90◦.

Characteristics of the organomorphic silicon carbide preforms are given in Table 1.

Table 1. Characteristics of the organomorphic silicon carbide preforms.

Parameter Value

Density, g/cm3 0.9–1.0

Open/closed porosity, % 51–53/0

Fiber volume content in the preform, not less than, % 42

Fiber diameter in the preform, μm 15–17

Shrinkage in length, % 25–30

Shrinkage by fiber diameter, % 15–20

Mass loss during pyrolysis, % 19–20

The diffraction pattern obtained for the SiC frame after PCS preform pyrolysis shows
two maxima: one of angular width 2θ of about 10◦ and the other of −20◦ (Figure 13).
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Figure 13. Diffraction pattern of the organomorphic SiC-preform (wide peak analysis was performed
using the specialized HighScore Plus software for phase analysis).

Absence of narrow (angular width 2θ < 2◦) diffraction peaks from the crystalline
phase is indicative of a disordered—close to amorphous—state of the frame fibers. This is
quite understandable, since the structure of the initial PCS fibers is completely amorphous
(Figures 2 and 3) and the maximum temperature for obtaining the organomorphic SiC
framework (1250 ◦C) does not reach even half of the incongruent decomposition tempera-
ture of silicon carbide [12]. However, the first—less wide—maximum corresponds to the
strongest line (111) of β-SiC (reference code 98-002-8389), since this modification is formed
during annealing of silicon carbide in a nitrogen atmosphere [13]. The second wide peak is
apparently a superposition of other two strong lines, namely, (022) and (113).

Analysis of the silicon carbide preform microstructure confirms presence of some sort
of bridges binding the fibers to each other (Figure 14).

  
(a) (b) 

Figure 14. SiC frame microstructure showing filament self-bonding areas (a,b). The boxes (spectrum
1 to 5) correspond to the areas for which the energy dispersive spectroscopy results were obtained.
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According to energy dispersive spectroscopy results (Table 2), the chemical composi-
tion of the binding bridge (see Figure 14b; spectrum 1 and spectrum 2) can be represented
approximately as Si:C:O = 1:13:1, which indicates enrichment with carbon.

Table 2. Energy dispersive spectroscopy results of the SiC-filaments within the preform after pyrolysis
at 1250 ◦C.

Element
Content, % at.

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5

Si 6.45 6.41 23.42 33.25 26.98

C 84.81 86.71 55.22 48.47 54.51

O 8.74 6.88 21.36 18.28 18.51

The carbon content decreases sharply in the buildups (spectrum 3, spectrum 4) and
their composition practically corresponds to the composition of the surface of the fiber
itself (spectrum 5). Since the morphology of the SiC fiber buildup is similar to the buildup’s
nature of the PCS fibers shown in Figure 8, one can suggest similarity of their origin. The
excessive carbon in spectrum 1 and spectrum 2 suggests that the carbon polymer can
prevail over the organosilicon one in the buildups and accretions. This reveals possible
composition difference among the filaments coming out on the surface to form buildups
that are composed of parts of PCS macromolecules in the preform under pressing during
the low-temperature (up to 400 ◦C) part of pyrolysis.

4. Discussion

The results obtained place a new light on the processes occurring during PCS fiber
pyrolysis. Annealing of loose fibers results in production of also loose silicon carbide fibers.
Pyrolysis of the PCS fiber wound on a spool results in poor unwindability of the resulting
SiC fibers, as during carbidization, the PCS fibers when shrinking, compress the underlying
layers. Finally, PCS fiber pyrolysis under load produces a dense, highly processible silicon
carbide framework. Thus, one should recognize that the main factor affecting self-bonding
of the PCS fibers during organic-to-inorganic state transition is their compression while
being heated. Gluing of the fibers that not only prevents their unwinding during pyrolysis
in the wound state but also contributes to organomorphic frame cementation is the result
of the formation of buildups or accretions on the fiber surface from the matter released
from the PCS fibers during the low-temperature part of pyrolysis under compressive force.

According to [14], for the half-width of the projection of elastic deformation area ro
of two equal parallel cylinders of the same material (e.g., PCS fibers in a unidirectional
preform), we have:

ro = 1.52(qR/2E)1/2 (1)

where q—specific load per unit fiber length in a unidirectional organomorphic frame;
R—PCS fiber radius; and E—PCS fiber elasticity modulus.

During contact, for the maximum stress that develops along the axis of the contact
area, we have:

σmax = 0.418(2qE/R) (2)

The maximum tangential stress τ(0, z) falls on the following depth:

zo/ro = 0.8 (3)

and makes up about one third of σmax.
Estimates made using Formulas (1)–(3) show that with the ro value of about 4.5 μm,

the maximum stress σmax values make up approximately 0.03 MPa and the maximum
tangential stress of about 0.01 MPa develops at a depth of 3.6 μm. In addition, it should be
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borne in mind that due to an uneven degree of the fiber contact as observed in the actual
preforms, the stress values in some contact bundles may be significantly higher.

Thus, both at the contact area and at the depth comparable to the half-width of the
contact area, well-marked normal and tangential stresses develop that may affect the state of
PCS macromolecules in the polymer fibers during heating and its accompanying shrinkage.

As evidenced by the configuration of the bridge between the filaments (see Figure 14),
deformation of the buildups may appear even in the form of a viscous flow. Moreover,
the polymer coming out on the fiber surface may be capable of curing, which may cause
certain changes in the nature and a sharp increase in the elasticity modulus at above 200 ◦C
(see Figure 4). The other reason for modulus increase is the increase in the degree of fiber
contact during TMA [15].

It is obvious that these buildups come out on the filament surface from the bulk and
correlate with the fiber composition. Since thermal stabilization of the PCS fibers in air is
of a diffusive nature, the parts of PCS macromolecules possessed of greater mobility may
diffuse through the defects and discontinuities in the more cross-linked surface layer under
stress-strain conditions and upon reaching the onset temperature of partial decomposition
of oxygen crosslinks. Undoubtedly, they are capable of active autohesive interaction with
the surface of adjacent filaments.

Variations in the buildup composition over a wide range of carbon, oxygen, and
silicon content, as well as their different concentration on the PCS filament surface, are
likely to be associated with different defects in the local areas of the fiber surface and
with difference in the degree of stitching of their respective microvolumes. This makes
different parts of the PCS macromolecules come out on the surface under stress-strain
conditions. Another possible reason for formation of SiC frames is the release of various
methylsilanes from the polymer fibers during pyrolysis of the PCS preforms [16], among
which dimethylsilane (CH3)2SiH2 was detected by mass spectroscopy. Decomposition of
this compound accompanied by deposition of silicon carbide starts as early as 450–500 ◦C.

5. Conclusions

The carbon organomorphic preform formation mechanism studied earlier using PAN
fibers as an example [2] showed that self-bonding of the organic fibers within the preform
is due to the presence of a solid polymer film on the fiber surface and a continuous physical
contact between the filaments during pyrolysis when combined with hot pressing.

The investigation into the organomorphic silicon carbide preform formation mecha-
nism reveals similarity of its underlying laws with those inherent in the formation of carbon
frames. However, the insular nature of the buildups composed of the matter released from
the PCS fibers during the low-temperature (up to 400 ◦C) part of pyrolysis reduces the
volume-wise continuity of self-bonding in the organomorphic SiC preform. All the while,
the relative densities of the silicon carbide preforms are still higher than 40%.

Apparently, the fundamental similarity of the self-bonding nature of the PAN- and
PCS-preforms allows us to formulate the following basic prerequisites for origination of
the contacts between the fibers within the preforms:

1. Stabilized structure of the polymer fibers to exclude their melting during pyrolysis.
2. Chemical purity of the surface of the contacting polymer filaments (absence of any

obstacles for autohesion, i.e., diffusive merging of the polymer fibers).
3. Sufficient continuous mechanical pressing of the fibers against each other during

pyrolysis (a constant load).
4. Duration of the contact between the filaments, when in the polymer state, sufficient

for the autohesion interaction to form.
However, the presumable deposition of a nanoscale SiC layer from dimethylsilane

(CH3)2SiH2 on the fiber surface may complicate, at a later stage, the task of obtaining high-
strength SiC–SiC CMCs based on the silicon carbide organomorphic reinforcing framework.
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Abstract: During the impregnation of reinforcement fabrics in liquid composite molding processes,
the flow within fiber bundles and the channels between the fiber bundles usually advances at different
velocities. This so-called “dual-scale flow” results in void formation inside the composite material
and has a negative effect on its mechanical properties. Semi-empirical models can be applied to
calculate the extent of the dual-scale flow. In this study, a methodology is presented that stops
the impregnation of reinforcement fabrics at different filling levels by using a photo-reactive resin
system. By means of optical evaluation, the theoretical calculation models of the dual-scale flow are
validated metrologically. The results show increasingly distinct dual-scale flow effects with increasing
pressure gradients. The methodology enables the measurability of microscopic differences in flow
front progression to validate renowned theoretical models and compare simulations to measurements
of applied injection processes.

Keywords: void formation; dual-scale flow; permeability; textile preforms; liquid composite molding;
fiber reinforced plastics

1. Introduction

Liquid composite molding (LCM) is an established industrial production technology
for manufacturing thermoset fiber composites. Dry textile preforms are draped in a mold,
which is subsequently closed, and the semi-finished fiber product is impregnated with
a resin system by means of overpressure. During impregnation of the textile preforms,
voids are formed, which result in a reduction of the mechanical properties of the molded
component [1–3]. One cause of the formation of voids in fiber composite components is
inhomogeneous flow processes at microscopic levels inside the textile preforms. Depending
on the process parameters, the resin system flows at different rates within the tows of the
reinforcement fabrics and channels between the tows, due to the different permeability of
the two areas. As shown in Figure 1, a flow front is formed, which can be divided into a
saturated, partially saturated, and unsaturated region of the tows [4,5].

Figure 1. Saturated, partially saturated, and unsaturated regions of the flow front in a unidirectional
preform.
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This effect, known as dual-scale flow, is the focus of several studies since it is a major
reason for the formation and transport of voids [6–11]. If the flow velocities within the tows
and channels between the tows match, void-free components are produced [12–15] and the
lightweight potential of the materials is optimally exploited.

The flow of the liquid resin system through the textile preform as a porous medium is
described by Darcy’s law (Equation (1)).

vm = −
→
K
η
·∇p (1)

where vm is the volume-averaged velocity,
→
K the permeability tensor, η the resin viscosity,

and ∇p the pressure gradient from inlet to the flow front position.
Assuming that the resin system is an incompressible medium, the law of conservation

of mass applies:
∇·vm = 0 (2)

The semi-empirical Kozeny-Carman equation can be used to determine the macro-
scopic permeability K of the textile preform [16]:

K =
r2

f

4kc

(
1 − ϕ f

)3

ϕ f
2 (3)

where r f is the fiber radius, ϕ f is the fiber volume fraction, and kc is the Kozeny constant.
The Kozeny constant is highly dependent on the resin used, impregnation direction, and
textile preform [17], and thus is not precisely determined [9,18]. Nevertheless, this model
allows calculations on the progression of the flow front in the textile preform and the
resulting process duration.

However, this model is not suitable for a more detailed consideration of the impreg-
nation of textile preforms [9] since no information is obtained about the microscopic flow
processes within and between the tows. The proportion of resin flowing into the individual
fiber bundles of a textile preform during impregnation is described in the numerical simu-
lations by means of an extension by a loss term q, which depends on pressure p and degree
of saturation s [6]:

∇·
⎛
⎝→

K
η
·∇p

⎞
⎠ = q(p, s) (4)

Analytically, the phenomenon of dual-scale flow can be represented by the modi-
fied capillary number Ca*. The modified capillary number forms the ratio of viscosity-
dependent and capillary force-dependent flow [8,13] and thus allows conclusions about
the proportions of the unsaturated region of the flow front [14].

Ca∗ = μ·u
γ· cos θ

(5)

where Ca∗ is the modified capillary number, μ the dynamic resin viscosity, u the averaged
macroscopic flow velocity, γ the surface tension, and θ the contact angle between the resin
and fibers.

At high injection pressures, the proportion of viscosity-dependent flow predominates.
The channels between the tows fill faster than the areas within the tows. This results in
the inclusion of elongated micropores in the tows (Figure 2b). If capillary forces prevail,
the flow front within the tows progresses faster. Spherical macropores are formed in the
channels (Figure 2a).

121



J. Compos. Sci. 2022, 6, 351

Figure 2. Formation of voids in the dual-scale model; (a) Formation of spherical macrovoids in the
channels between the tows; (b) Formation of elongated microvoids inside the tows.

With the help of the modified capillary number during injection, in conjunction with
the geometric structure of the textile preforms, conclusions can be drawn about the void
formation in the component [12–15,19].

Models for calculating the resulting void volume content are based on the ratio of
the flow front progress within and between the tows. Gueroult et al. [15] contrast the two
time scales of the flow time inside the fiber bundles Δtt in relation to the flow time in the
channels Δtc.

Δtt

Δtc
=

Kc

Kt
·(1 − ϕFT)·

[
1 − FS·Kc·ϕFT

dFi·(1 − ϕFT)·Lt·Ca∗ ·ln
(

Ca∗·dFi·(1 − ϕFT)·Lt)

FS·Kc·ϕFT
+ 1

)]
(6)

where Kc is the permeability of the channel, Kt the permeability of the tow, ϕFT the fiber
volume content in the tow, FS a shape factor depending on longitudinal or transversal flow
direction, dFi the diameter of a single fiber, and Lt the length of a tow.

A ratio of Δtt
Δtc

< 1 describes the advance of the resin within the fiber bundles and

resulting emergence of macropores. Δtt
Δtc

> 1 implies a faster advance of resin within the

channels and the formation of microvoids. At a ratio of Δtt
Δtc

= 1, the resin flows at identical
velocities in both sections, which means that no air can be entrapped, and no voids are
formed due to the dual-scale flow [15].

Validation of such “dual-scale” computational models usually involves evaluating the
resulting void volume contents and classifying them into microvoids and macrovoids [20,21].
An alternative is the optical detection of the different flow velocities. The dual-scale effect
was investigated by several studies [10,22,23] using a microscope locally during injection. The
challenge in this type of analysis is to find a compromise between maximizing the image
section of the flow front while retaining locally high resolution. Another possibility to prove
the phenomenon of dual-scale flow is numerical simulation. Godbole et al. [24] describe the
differences in the flow velocity within and between the fiber bundles by determining the
length of the partially saturated flow front Lps, by simulations (Figure 3):

Figure 3. Length of the partially saturated flow front Lps.

Neglecting capillary forces, it is shown that the length of the partially saturated zone
remains constant if the flow path is sufficiently long. This finding agrees with the results
of Zhou et al. [25,26], who also calculate a constant length of the partially saturated zone.
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The resulting length depends on the permeability of the textile preforms and the preform
geometry, as well as the volume fraction of the fiber bundles of a unidirectional (UD)
unit cell:

Lps =

√
2a

Kyytow

[
h3

3

]
·Vtow−ply (7)

where a is half of the width of a tow, Kyytow the transverse permeability of a tow, and h half
of the width of the channel between the tows. Vtow−ply is the volume fraction of tows inside
a UD unit cell and calculated from the proportion of fiber bundles as closed solids in the
cross-section of the laminate:

Vtow−ply =
a

h + a
(8)

Detailed information about the microscopic dual-scale flow and associated pore for-
mation becomes possible when the state of the impregnation can be imaged holistically
in a cavity. The state of the art in investigating void formation and transport are optical
methods [27–29]. Furthermore, ultrasonic measurements, as well as X-ray and micro-CT
examinations, were conducted in several renowned studies [1].

However, all the mentioned techniques are currently not suited to analyze big areas
of the partially saturated zone, because of their limited resolution or the requirement of
additives to increase visibility. Due to the limited field of view, a “snapshot” approach to
optical measurement of the void distribution is needed; however, a suitable method has
not yet been presented for this issue [30].

The novel approach presented in this article is to freeze the complete impregnation
process at different filling levels to investigate the flow front section by section. To obtain
snapshots of the component impregnation, a methodology is developed below that uses
spontaneous curing of a photopolymerizing resin. Unique to this method is the gathering of
specimen with spontaneously cured partially saturated flow fronts, which can be holistically
observed via microscopy.

The resin systems used for this purpose include photoreactive functional groups that
crosslink when exposed to light [31]. Components of such resin systems are monomers,
oligomers, and photo initiators. Upon absorption of high-energy light, mostly in the
ultraviolet spectrum, the photo initiators form radicals or ions. These serve as initiators for
the crosslinking reaction between oligomers and monomers [32,33].

Depending on the resin system used and film thickness, the time required for complete
crosslinking can range from a fraction of a second to several minutes [32]. To minimize
interferences caused by changing pressure gradients during crosslinking, it is advantageous
to react as quickly as possible. Only in the case of spontaneous crosslinking of the complete
molded part are the pore formation as well as the pore transport frozen in situ.

Based on the frozen filling samples produced with photopolymerizing resins, dual-
scale flow in fiber bundles and channels is investigated sequentially along the complete
flow front by means of microscopy. The images obtained are used to compare current com-
putational models with the optical measurements. The evaluation of the flow conditions
can be used to verify new calculation models and increase the accuracy of FEM calculations.

2. Materials and Methods

2.1. Experimental Setup

An injection mold for linear impregnation of textile preforms was designed. It consists
of a bottom side made of aluminum with a linear gate and riser, on which a single-layer
textile preform of 300 mm length and 130 mm width is draped. The opposite side of the
mold consists of a glass plate fixed with an aluminum frame (Figure 4). By means of defined
torque for the screws positioned circumferentially on the frame, a constant compression
pressure of 4.4 MPa is set.
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Figure 4. Experimental setup to produce planar test specimens with a photoreactive resin system.

The glass plate is transparent to light in the ultraviolet (UV) range. UV spotlights
are mounted above the mold, which completely and uniformly illuminate the cavity
when switched on. A photoreactive resin system is used which, when irradiated with
UV light, stops the flow process without any noticeable delay. Three YG-TGD20-405
LED emitters from Shenzhen Creality 3D Technology Co, Ltd., Shenzhen, China, with an
emitted waveband of 400 nm to 405 nm, at an overall system power of 7.8 W each, are
used at 100% intensity. The resin system is injected under constant injection pressure in
various gradations.

The mold is divided into five sections and the flow front is stopped after every 60 mm
by switching on the UV lamps. This is followed by an exposure time of 60 s, during which
the resin system cures completely.

This methodology allows the examination of the entire flow front of the fabricated
specimens after curing. Optical studies were performed using a Keyence VHX-7000 mi-
croscope at 100× magnification. The aim of the measurements is a quantified mapping of
the dual-scale flow behavior for comparison with the calculation results of the theoretical
models. For this purpose, the flow front progress within the tows lt and in the channels
between the tows lc, as well as their flow path difference Δl, is measured (see Figure 5).

The process of impregnation is recorded by a camera to measure the mean flow velocity
within the sections and calculate the modified capillary number according to Equation (5).

The resin system is injected with constant injection pressure. The examined parameter
combinations are shown in Figure 6. Each combination is repeated three times so that a
total of 60 test specimens is produced and evaluated. The last mold section with a flow path
length of 300 mm is excluded, since the textile preforms could not be completely saturated
over the entire length at pressure levels of 0.05 MPa and 0.1 MPa. The pressure levels were
selected to show clearly distinct flow path differences; however, the pronounced dual-scale
flow leads to a very high number of overlapping microvoids that cannot be thoroughly
evaluated in this study.
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Figure 5. Schematic course of the flow front and division of the flow path into mold sections
denominated from inlet to outlet as one to five.

 
Figure 6. Parameter combinations for injection experiments.

For each parameter combination 20 flow path lengths in the fiber bundle lt and between
the fiber bundles lc are determined, their ratio is calculated, and the values are compared
with the models of Gueroult [15] (Equation (6)) and Godbole [24] (Equation (7)).

2.2. Materials

The resin system used is a photoreactive 3D Printing UV sensitive resin from the
manufacturer Shenzhen Anycubic Technology Co., Ltd., Shenzhen, China. It is composed
of 30% to 60% oligomers (polyurethane acrylate), 10% to 40% acrylate monomers and 2%
to 5% photo initiator. All experiments were conducted with the same batch of the resin
system to exclude variations in the components between the experiments.

The textile semi-finished product used is a glass fiber filament fabric type 92130 from
Porcher Industries Germany GmbH, Erbach, Germany for which the following data was
measured, as depicted in Table 1. A fabric with medium grammage and plain weave
with a high number of crossovers was chosen to establish a homogeneous flow while
producing samples with conventional thickness. Moreover, the fabric is resilient against
fiber displacement in the manual preparation process, which can potentially cause local
deviations in permeability.
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Table 1. Measured and calculated parameters of the fabric.

Parameter Abbreviation Value Unit

Type of weave Plain weave [-]
Grammage mf 395 [g/m2]

Thread count warp 6 [L/cm]
Thread count weft 6.5 [L/cm]

Fiber diameter df 9 [μm]
Width of tows 2a 1.38 [mm]

Width of channels 2h 0.39 [mm]
Transverse

permeability of tows Kyytow 5.32 × 10−7 [mm2]

Volume fraction of
tows in a unit cell Vtow−ply 77.99 [%]

3. Results and Discussion

3.1. Experimental Results

During the entire injection period of all specimens, the uniform, approximately linear
progress of the flow front must be ensured in order to avoid volume flows in the transverse
direction and comply with the boundary conditions of the continuity equation according to
Darcy (Equation (1)). Specimens with irregular flow fronts are excluded from the evaluation and
prepared again. Several individual images of the flow front are taken with a 100× magnification
factor and assembled to form a complete image of the frozen flow front, Figure 7a,b.

Figure 7. (a) Frozen flow front in different mold sections and merged microscopy image; (b) single
flow path difference Δl, shown magnified.

The frozen flow front of the cured specimen shows a distinct edge between the impreg-
nated and dry sections. These definite lines indicate a virtually instant pervasive curing
throughout the complete thickness of the transparent composite material and exist at each
applied pressure gradient.
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As in the literature [24–26], there are no distinct changes in the flow path difference
along the mold cavity at constant process parameters, as shown in the comparison in
Figure 8. However, there is a clear dependence of the flow path difference on the injec-
tion pressure.

Figure 8. Flow path difference along the mold sections.

The existing scatter is mainly attributed to fluctuations in permeability caused by the
manual insertion of the fabrics into the cavity, since the manual preparation of the preforms
may result in local displacements of the tows, and thusly produce irregular gaps and fiber
distributions.

The injection pressure has a considerable influence on the flow velocity and thus on
the locally prevailing capillary number. Contrary to what was calculated by Godbole [24],
the results averaged per experiment show the proportionality of the flow path difference
and the capillary number to the injection pressure (Figure 9). This measurable effect
supports the model of Gueroult [15], in which the flow time ratio is largely determined
by the capillary number. According to Equations (1) and (5), the capillary number is also
pressure dependent. The calculations of Godbole [24] imply that a stronger expression
of the dual-scale flow is completely compensated for by increased crossflow effects. This
assumption is not confirmed by the measurement of the flow path differences for the
presented experimental setup.

Considering all local measurements of the flow path difference as a function of the
modified capillary number, an increase in flow path difference with an increasing modified
capillary number is observed (Figure 10). At capillary numbers above around 0.025, the
increase in the flow path difference is less substantial. The flattened slope is in accordance
with the natural logarithm of Equation (6), which determines the flow ratio inside tows
and channels. Additional experiments must be conducted to verify the shape of the curve
for higher capillary numbers.
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Figure 9. Dependence of the flow path difference and modified capillary number on the injection pres-
sure.

Figure 10. Trend of the flow path difference in coherence with the local modified capillary number.

The increase in the flow path difference with increasing capillary number supports
the findings of renowned studies [12–14,19] for process conditions with predominantly
pressure-induced flow in the dual-scale model. Each specimen is in the region of micropore
formation ( Δtt

Δtc
> 1). With increasing injection pressure, this flow time ratio also increases.

The measurement results illustrate that this increase is also reflected in increasing flow
path differences. The progression of the flow path difference towards a maximum value
implies an increase in crossflow effects, which counteracts the further increase in the flow
path difference.

The measurements show that the flow velocity in the fiber bundles is slower than in
the channels between the bundles. Neglecting crossflow effects, the flow path difference
can be inferred from the flow time ratio according to the model of Gueroult [15].

Δl = v·Δt (9)

Since the flow state in the bundle and channel is stopped after the identical injection
time Δt when the UV illumination is activated, it follows:

Δlc(t) = vc·Δt (10)
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Δlt(t) = vt·Δt (11)

Δlc(t)
Δlt(t)

=
vc

vt
·Δt = cv·Δt (12)

However, Gueroult’s model [15] is based on the ratio of the flow times of the resin
system to saturation of the length Δl of a single unit cell:

Δtc(l) =
Δl
vc

(13)

Δtt(l) =
Δl
vt

(14)

Δtc(l)
Δtt(l)

=
vt

vc
·Δl =

1
cv
·Δl (15)

Equations (12) and (15) indicate inverse proportionality of length ratios and time ratios
of impregnation of fiber bundles and channels.

Δlc(t)
Δlt(t)

∼ Δtt(l)
Δtc(l)

(16)

If the ratios are plotted on top of each other as a function of the injection pressure, a
good agreement of the values is observed for the first mold section, see Figure 11.

Figure 11. Comparison of the measured length ratios at 60 mm distance from the sprue with the
calculated time ratios according to Equation (6).

Due to crossflow of the resin out of the channels into the fiber bundles in the transverse
direction, as shown in Figure 12, the flow path difference Δl stagnates while the macroscopic
flow path continues to increase.

As the flow path length progresses, the results of the successive mold sections (Figure 5)
therefore show considerable deviations (Figure 13).
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Figure 12. Division of the total volume flow into crossflow
.

Qt into the tow and longitudinal flow
.

Qc
in the channel.

Figure 13. Comparison of measured aspect ratios of all tool sections.

The deviations of the flow path ratios from the flow time ratios can be adjusted by
correction factors. As Bodaghi et al. [9] describe, a loss term q (p, s) from Equation (4)
contributes to the transverse impregnation of tows. The regression analysis of the mea-
surement results confirms the assumption that both the injection pressure and degree of
saturation of the macroscopic flow path influence the loss term, as shown in the comparison
in Figure 14 While the slopes of the compensation lines are determined by the injection
pressure, the intercept is related to the macroscopic flow path and is thus a measure of the
degree of saturation of the textile preform. It follows:

Δtt(l)
Δtc(l)

= ccorr·Δlc(t)
Δlt(t)

(17)

ccorr = a·pinj + b(s) (18)

where ccorr is a correction factor, a is the slope factor, pinj the injection pressure, and b(s)
the saturation dependent offset.

This correction factor ckorr and its dependence on pressure and saturation proves the
occurrence of the loss term q (p, s) described by Bodaghi et al. and quantifies the effect of
crossflow for the given material and process parameter combination.
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Figure 14. Determined correction factors for the adjustment of the measured length ratios to the
calculated time ratios according to Gueroult.

3.2. Discussion

Two distinct aspects must be considered when analyzing the results. First is the
applicability of the novel methodology, followed by the observations regarding dual-scale
flow experiments.

The presented methodology allows taking snapshots of the flow processes during the
impregnation of textile preforms using a photoreactive resin system. Evidence was pro-
vided that photoreactive resin systems crosslink sufficiently fast to freeze the microscopic
saturation along the entire specimen. The curing occurred sufficiently rapidly for the given
glass fiber fabric and applied pressure settings. Upper limitations of flow velocity and
specimen thickness must be determined in prospective studies to eliminate the possibility
of partial flow progression below the irradiated surface. In contrast to point-wise optical
measurements, the complete unsaturated domain of the flow front can be analyzed. The
holistic analysis of the flow front represents an improvement compared with the limited
field of view of well-established methods [27,28,30]. It is more cost- and time-efficient than
x-ray or micro-CT measurements [1]. Depending on the type of microscope, voids with
diameters of 5 to 20 μm can be analyzed [1], whereas ultrasonic imaging is only suitable
for single defects with a minimum size between 1 and 0.6 mm [34,35]. The simple mold
setup and its similarity to live-microscopy makes the introduced method easily accessi-
ble. The glass cover allows the elimination of race tracking inside the entire mold during
impregnation, which cannot be ruled out with single point-wise observations, as Siddig
et al. [36] proved, at least three points of a rectangular shape need to be observed to detect
race tracking. However, one downside of this method is that it is not suited to quantify
void transport. Freezing the flow produces a single image that can be used to describe
the dual flow effect and formation of voids at the very front of the flow, but it contains no
information on the history of voids inside the specimen.

The result of the experimental setup provides a multitude of insights into the saturation
process of fabrics. A clear dependence on the injection pressure was determined for the
measured flow path difference. This effect can be explained by Equations (4)–(6), which
show that the flow time ratios of Gueroult [15] depend on the flow velocity caused by the
injection pressure gradient. A comparison of the results of the established relationship of
the flow paths in the fiber bundle and channels between the bundles with the model of
the flow time ratios of Gueroult [15] shows good agreement within the first mold section
with a 60 mm flow path. With an increasing flow path, the deviations of the time and path
ratios become larger, which is due to the increasing influence of crossflows in the transverse
fiber direction. These crossflows are summarized by Bodaghi et al. [9] in a loss term, which
depends on the injection pressure as well as the degree of saturation. The results of the
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measurements show that such a loss term can be described by a correction factor that
was determined for each section of the mold and the corresponding injection pressure.
Simulations of previous studies [24–26] showed that using constant tool and material
parameters, the flow front difference remains unchanged with sufficient tool length. These
results could only be partially confirmed. While the flow front difference remains constant
along the different mold sections within the individual parameter combinations, in contrast
to the studies of Godbole [24] and Zhou [25,26], the influence of injection pressure cannot
be neglected. However, there are considerable differences in the experimental setup and
simulation constraints. While the simulations [24–26] use perfectly unidirectional tows,
the experimental setup was conducted with plain weave fabric and a different type of
inlet. Furthermore, the simulated tow permeability Kyytow was higher than the determined
permeability of the experiments. Both factors result in differences in longitudinal and
transverse flow and have an influence on the impact of capillary forces. Further experiments
should be conducted that replicate the constraints of the simulations of Godbole and Zhou
to be able to compare results.

4. Conclusions

With the presented methodology, the flow front of the cross-linked specimens can be
viewed completely and contiguously at high resolution, which is a significant improvement
over locally confined in-situ measurements. The measurement methodology represents
a good starting point for the creation and validation of calculation models for the im-
pregnation of textile preforms. Optimization potential lies in the tool design and manual
preparation of the textile preforms. The adjustment of the compression pressure of the
textile preforms by means of a defined tightening torque of the screw connection is repro-
ducible to a limited extent and leads to fluctuating permeability. This deviation can be
eliminated by using a vertically loosely supported plate as the mold surface with pressure
sensors underneath. To specify exact physically based models for the calculation of the
correction factors, either a more precise adjustability of the compression pressure must
be ensured, or the tow permeability must be evaluated individually for each experiment
by cutting the cured specimen and determining the surface ratios of fiber bundles and
resin of the cross section. Analytical models of the dual-scale flow were confirmed and
an approach to quantify the loss term of transverse flow is given. The prevalent increase
of flow path differences differs from simulations, which emphasizes the need of further
investigations. Since only a limited number of experiments were conducted, additional
experiments should be performed to validate the findings. In future experiments, a variety
of textile preforms must be analyzed to verify the applicability of the method for diverse
types of weaves. Furthermore, higher modified capillary numbers must be examined, by
increasing the macroscopic resin velocity via increased injection pressure. After validation
of the methodology, future experiments can be conducted to directly evaluate resulting
void volume contents and the coherence with the now measurable flow path differences.
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Abstract: The filling stage in injection/infusion moulding processes plays a key role in composite
manufacturing that can be influenced by the inlet and vent ports. This will affect the production of
void-free parts and the desirable process time. Flow control is usually required in experiments to opti-
mise such a stage; however, numerical simulations can be alternatively used to predict manufacturing-
induced deficiencies and potentially remove them in the actual experiments. This study uses ANSYS
Fluent software to model flow-front advancement during the impregnation of woven fabrics. A
developed technique is applied by creating tracking points (e.g., on-line monitor) in the direction
of the flow to report/collect data for flow-front positions as a function of time. The study adopts
the FVM-VOF-based two-phase flow model together with an implicit time-stepping scheme, i.e.,
a dual-time formulation solution method with a preconditioned pseudo-time derivative. Initially,
three time-step sizes, 5 s (small), 25 s, and 50 s (large), are evaluated to examine their impact on
numerical saturation lines at various fabric porosities, 40%, 50%, and 60%, for a two-dimensional (2D)
rectangular mould, and predictions are then compared with the well-known analytical Darcy. This
is followed by a three-dimensional (3D) curved mould for a fillet L-shaped structure, wherein the
degree-of-curvature of fibre preforms is incorporated using a User-Defined Function (UDF) to tailor
the impregnation process. The developed approach shows its validation (1–5.7%) with theoretical
calculations and experimental data for 2D and 3D cases, respectively. The results also stress that a
shorter computational time can be achieved with a large time-step size while maintaining the same
level of accuracy.

Keywords: liquid composite moulding; flow visualisation; numerical modelling; Volume of Fluid
(VOF); multi-phase model

1. Introduction

During liquid composite moulding (LCM) processes, a liquid resin is injected/infused
at a constant pressure/flow rate to impregnate a fibrous reinforcement [1,2]. This serves
to fully saturate the placed/laid fibre preforms on the mould. This means that the fibre
preforms are dry (unsaturated) during the pre-filling stage (c.f., Figure 1). The dry fibrous
reinforcement needs to be processed with a thermosetting resin in order to produce a
composite part. This process stage is referred to as the mould-filling stage, in which the
injected/infused resin flow starts to impregnate the fibre preforms. The quality of the
processed fibre–reinforcement composites would depend on this crucial process stage. This
is due to the fact that gelation or early curing, as well as the emergence of voids, could
occur within the impregnation process. To avoid these issues, the knowledge and control
of filling time and flow-front advancement is required. For this reason, it is important to
optimise the mould-filling process in an effective way to obtain good-quality composite
parts/components. This optimisation can be done with the traditional trial and error
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method; however, this method shows drawbacks from the perspective of time and cost [3].
Recently, there have been alternative proposals to optimise such a process, and one of
the most efficient methods is to use the available sophisticated numerical tools. This can
include isothermal/non-isothermal conditions, but this study will focus on isothermal
mould-filling processing.

Figure 1. A schematic diagram illustrating mould-filling process parameters, saturation and unsatu-
ration regions, and filling front advancement with uniform permeability.

Flow-front advancement has been discussed by a considerable amount of
research [3–22]. This includes experimental [4–12] and numerical studies [5,8,13,22], in
which the latter are subject to validation of the adopted numerical tool with the available
experimental data or theoretical models. Experimental works for monitoring/tracking the
flow progression used various types of techniques; these would include cameras, ultrasonic
sensors, optic sensors, dielectric sensors, and pressure transducers. On the other hand, the
developed numerical models involve a wide range of approaches that are based on the con-
trol volume finite element method (CVFEM), finite volume method (FVM), finite element
method (FEM), and finite difference method (FDM). These discretisation methods allow the
solving of multi-phase or multi-physics flow problems, and this could apply to resin flow in
LCM processes. Hoes et al. [4] conducted an experimental work that involved filling front
tracking at a constant pressure injection. The authors placed electric sensors together with
pressure transducers in the bottom flat mould plate, wherein these sensors were located
on straight lines and predefined in the connected data collection computer. This method
enabled the automatic observation of flow-front positions as a function of time. Binetruy
et al. [5] investigated, experimentally and theoretically, the interaction between micro-
and macro-flow through unidirectional woven fabrics, and their impacts on the flow-front
progression during the impregnation phase. The authors used a flat Plexiglass (transparent)
piece on the top of the mould to allow visual observations of the filling process. The study
highlighted that, for unsaturated (dry) tows, a lag of the intra-tow flow progression would
lead the macro-flows to cause transverse fluid penetration into the yarns. This study con-
cluded that the micropores could affect flow-front behaviour and slow the filling process. A
contribution by Luce et al. [6] was presented by performing mould-filling experiments for
multi-ply fibre preforms that consisted of different fabric architectures, such as 3-D woven
and random mat (RM). Two cameras were placed on the top and side-view of the mould to
monitor and characterise the in-plane and through-thickness advancing flow behaviour.
The study showed that the flow-front advancement through RM behaves uniformly with
rapid progression. However, this was different for the 3-D woven ply, in which the flow
encountered progress resistance caused by the transverse tows, besides the emergence
(presence) of out-plane flows resulting from advancing macro-infiltration. The application
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of ultrasonics was employed by Schmachtenberg et al. [7] to obtain the on-line monitoring
of the flow-front propagation in the RTM manufacturing process. The generated exper-
imental data stressed that signals, a transmission time, and an amplitude could explain
the arriving flow-front, and hence achieve the sensitive optimisation of the RTM filling
process. The work by Pierpaolo et al. [8] embedded dielectric sensors to capture pressure
data of the infused unidirectional flow in LCM, as well as monitoring the progressing flow
front. The results were validated against numerical modelling, with satisfaction in terms of
pressure profile and flow progression. Their study incorporated multiscale modelling, in
which a microstructure of the used fabric (2-D woven), was scanned to obtain a meso-scale
image, whereby the meso-permeability was identified and introduced in the macro-scale
simulation to validate the approach with the experimental work. At present, a broad
range of sophisticated software packages are available to model mould-filling processes in
LCM, including RTM and VARTM (see Table 1). These would include, but are not limited
to, LIMS [13], PAM-RTM [14,15], OpenFoam [15], and COMSOL [16]. Simacek et al. [13]
implemented an algorithmic code based on the finite element/control volume (FE/CV)
method using the simulation tool LIMS to model tow saturation during the mould-filling
process. The numerical study considered the dual-scale flow, and emphasised that the
developed model is able to capture the filling progression as well as the required time to
fully impregnate and saturated the fibre preforms. They also added that this approach
can be applied to arbitrary complex shapes. Voller et al. [17] followed CVFEM, but using
Fortran to track flow-front positions as a function of time. The work analysed the filling
front with structured/unstructured mesh grids for fibre–reinforcement mats. The results
showed good agreement with the well-known analytical Darcy for various time-step sizes.
Multiscale modelling of bi-axial fabrics was developed by Tan et al. [3] to predict the
filling front during RTM processes. The numerical model adopted the FE/CV approach to
simulate a coupled macro- and micro-flow problem. The PoreFlow program was used in
the study, which is based on the Fortran modular package, and hence showed its capability
of simulating resin impregnation for dual-scale porous media. This was validated with
experimental data obtained by the same authors. Grössing et al. [15] performed a numerical
mould-filling analysis via two different simulation tools, i.e., OpenFoam and PAM-RTM.
The study evaluated both tools and highlighted that non-porous and porous zones can be
both modelled by OpenFoam, whereas this was different with Darcy-based PAM-RTM,
whereupon porous zones can only be modelled. The authors also argued that the issue
with PAM-RTM could be resolved by assigning non-porous regions as race-tracking zones
with %100 porosity value. The numerical study was based on an RTM experimental work
that involved two types of fibre preforms, such as NCF and UD. Both numerical results
agreed well with the flow-front experimental data.

Table 1. Selection of numerical contributions that evaluated simulation tools for flow-front modelling.

References Fabric Architecture Injection Method Flow Modelling Computational Approach

Tan et al. [3] Bi-axial Unidirectional Dual-scale FE/CV-PoreFlow

Simacek et al. [13] UD Unidirectional Dual-scale FE/CV-LIMS

Oliveira et al. [14] Fibre mats Unidirectional − Darcy-based PAM-RTM

Grossing et al. [15] UD/Triaxial NCF Radial Dual-scale FVM-VOF OpenFoam

Sas et al. [16] UD Unidirectional − FEM-LSM COMSOL

Wei et al. [22] Fibre mats Unidirectional − FVM-VOF Moldex3D

The present work is motivated to contribute a simple, accurate technique using ANSYS
Fluent to model resin flow advancement in the RTM/VARTM processes. The FVM-VOF-
based multiphase flow approach is adopted to monitor the mould-filling process and to
report flow-front positions as a function of time. This approach allows the prediction of the
required time to fully saturate/impregnate the fibre preforms in simple and complex shapes.
During the mould-filling simulation, the saturated, partially saturated, and unsaturated
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regions can be observed and located. The numerical simulations fit well with the analytical
predictions and the experimental data for a rectilinear/channel flow injection.

2. Numerical Simulation Approach

2.1. Volume of Fluid (VOF)

The free-surface flows can be modelled by the prominent technique VOF, whereby
the two immiscible fluids’ interface position is tracked and located simultaneously. This
VOF model can be solved either using implicit or explicit time formulation (see Section 2.2)
throughout structure/unstructured fixed meshes—a Eulerian-based approach. Such for-
mulations (interpolation schemes) will allow discretisation of the volume fraction (tracking
of the interface) by applying widely adopted options (in ANSYS Fluent)—geometric re-
construction (a piecewise-linear approach) and Modified HRIC (High-Resolution Interface
Capturing)—for explicit and implicit, respectively [23–25]. This is to obtain face fluxes
(fluid advection) for all filled and empty cells, and also near-interface (partially filled)
cells [23–25]. Momentum and continuity equations are applied to each cell throughout the
domain, in which the flow motion is solved by Navier–Stokes equations (N–S) based on the
FVM discretisation (control-volume-based) approach. For RTM/VARTM filling simulation,
the volume fraction in each control volume (computational grid cell) denotes either one of
the phases (resin or air), or a mixture of both phases (partial saturation). This approach
follows a transient, laminar, incompressible, multiphase flow problem with Newtonian
behaviour and an isothermal filling condition. Thus, the continuity/transport equation can
be written as follows:

∂si
∂t

+∇ · (siu) = 0 (1)

where u is the volume-averaged velocity, t is the time, and si denotes a phase volume
fraction such that s f is the fluid (e.g., resin), while sa defines air (or empty) regions. This
form assumes a constant fluid density and applies to fixed/stationary control volumes
in this study. s f varies from 0 to 1 in each grid cell, and this would indicate full satu-
ration for cells with a value of 1, partial saturation for cells with a value ranging from
0 < s f < 1, and unsaturation for cells with a value of 0. Since the resin flow impregnates
a porous material, the momentum equation used by the simulation tool incorporates a
source term to allow porous media modelling. Equation (2) demonstrates the momentum
equation after applying the above-mentioned assumptions, while Equation (3) expresses
the source/sink term:

∂

∂t
(ρu) +∇(ρuu) = −∇p + μ∇2u + S (2)

S = − μ

K
u (3)

Here, ∇p is the pressure gradient, ρ is the fluid density, μ is the fluid viscosity, S is
the sink term, and K is the permeability tensor. This filling modelling is performed on a
rectangular mould (2-D RTM) in a macro-scale flow problem. The porous medium perme-
ability is isotropic; therefore, the in-plane permeability can be denoted as Kxx = Kyy = K.
The permeability value was computed in a previous work by the current authors at a
dual-scale flow (inter- and intra-tow flow) through a plain-weave fabric unit cell at various
aggregate porosity values: 40%, 50%, and 60%. Due to the fact that the unit cell can be taken
as a representative volume element (RVE) of the woven fabric ply, the obtained in-plane
dual-scale permeability is inputted in the source term to enable true viscous resistance
of the woven model at a macroscopic level. The developed approach used the implicit
scheme (see Section 2.2) provided by ANSYS Fluent, owing to the fact this method is
preferred for slow flow movement problems, i.e., creeping flows, quasi-static motion, and
static/dynamic motion [26]. In this method, the time-step size is independent of the results,
and can be large to obtain a shorter computational time [17,26]. This work developed a
flow-front tracking technique by creating points on a straight line (flow direction) at certain
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locations. Each point will report resin flow volume fraction data as a function of time; this
would be similar to real-time monitoring RTM/VARTM experiments wherein sensors are
embedded/placed (in fabrics or on mould).

As part of this study, three-dimensional flow simulations of complex shapes are
included to examine the flow-front prediction model for a real filling process of a composite
component. An experimental work by Geng et al. [27] was selected, wherein a curved
mould was used with a VARTM process type. Hence, the present work added a set of
equations (see Equation (4)) that accounts for the effect of curvature on resin flow through
the curved regions during the resin impregnation of fibre preforms. This is done by using
the User-Defined Functions (UDF) to interpret/compile these equations with a C-language-
based code.

Dc = 2 sin−1
(

C
2Rc

)
, θ =

Dc

2
(4a)

KH(θ) = KH cos(θ) (4b)

KV(θ) = KV sin(θ) (4c)

The degree of curvature and the deflection angle are Dc and θ, respectively. Here,
Rc is the radius of curvature, and C is the cord length. Since part of the filling process is
vertical, the permeability is set as a function of curvature for both vertical and horizontal
resin flow progressions.

2.2. Time-Stepping Scheme

A temporal discretisation in transient simulations is defined by space and time. This
means that an integration is required for each term in the differential equations with every
time-step Δt. To apply such a time discretisation, there are two prominent schemes, i.e.,
implicit and explicit. These methods are to be carefully selected, since a diverse range of
restrictions arise in each scheme in certain circumstances. The implicit method is applicable
to slow motions (e.g., creeping flows), and it can handle long-duration analyses that
vary from seconds to days [26]. On the other hand, the explicit case is suitable for rapid
motions (e.g., drop tests, shocks, etc.), and it is restricted by the Courant–Friedrich–Lewy
(CFL) condition, in which each grid cell uses the same time-step that depends on the
courant number, cell volume, and the sum of outcoming fluxes [26]. Therefore, this work
finds the implicit time-stepping a suitable technique for such a flow problem, and an
evaluation was conducted to examine the impact of time-stepping size on the flow-front
modelling. It is noteworthy that implicit time-stepping is a dual-time formulation that
adopts a preconditioned pseudo-time (inner iterations) derivative at each physical time-
step (Euler backward) to provide an accurate transient solution [26,28]. Figure 2 describes
the time discretisation methods and how the time-dependent equations are computed
differently throughout the domain. This shows that a function of a quantity/variable f (ϕ)
is evaluated at a future time level (n + 1) for the implicit case, while f (ϕ) is computed at
the current time level (n) for the explicit time-stepping method. The general expression
used in the current numerical simulation is demonstrated below.

ϕn+1 − ϕn

Δt
= f (ϕ) (5a)⎧⎨

⎩
n + 1 = t + Δt

n = t
n − 1 = t − Δt

(5b)
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Figure 2. Unsteady flow solution: temporal discretisation methods and time-stepping schemes.

2.3. Darcy’s Law for a Transient Flow

The general form of Darcy’s law (Equation (6)) for an isothermal filling flow problem
can be integrated and simplified to suit transient flow conditions [29]. At a constant
pressure injection for one-directional flow movement (e.g., x-coordinate), Equation (6)
can be rewritten as shown in Equation (7). By further simplification and integration of
Equation (7), the position of the flow-front can be obtained by Equation (8).

u = −K

μ
∇p (6)

ux

φo
=

dx
dt

= − K
μφo

Δp
Δx

(7)

x f =

√
2Kpo

μφo
t f (8)

where x f is the flow-front position, t f is the flow-front time, φo is the porosity of the medium,
and since the pressure at the flow-front can be assumed as zero, the pressure difference
Δp becomes equal to the injection pressure (po) [29]. Thus, the proposed approach in
the present study can be subjected to a comparison analysis with the above-mentioned
theoretical solution for validation. On this premise, the developed numerical model will be
also feasible for complex structural shapes, and this would contribute to the knowledge
and decision of LCM optimisation. This is in terms of the optimal cycle time and location
of injection ports/vents, thereby achieving void-free and good-quality composite parts.
Figure 3 illustrates the geometry and boundary conditions used in the numerical analysis
for the 2-D rectangular mould filling involving the flow-front tracking points.
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Figure 3. Geometry and boundary conditions used in the numerical simulation, including flow-front
tracking points.

3. Results and Discussion

3.1. Two-Dimensional Rectangular Mould for Regular Shapes

The numerical simulations were performed at various fibre preform aggregate porosi-
ties (φo) 40%, 50%, and 60%, with in-plane dual-scale permeabilities (K[m2]) 4.89 × 10−11,
9.45 × 10−11, and 2.09 × 10−10, respectively. Filling front analysis was computed at a con-
stant pressure injection (po = 10 [kPa]), and with fluid flow properties ρ = 1300 [kg/m3],
and μ = 0.15 [Pa · s]. Three time step-sizes, 5 s, 25 s, and 50 s, were selected based on the
generated grids/meshes for the transient multiphase flow through a 2-D macro-scale geom-
etry. These different step sizes yielded significant factors in terms of the actual flow-front
position or the so-called saturation lines and the computational time. It appeared that the
partially filled control volumes (i.e., partially saturated region) could indicate the actual
flow-front for all three time-step sizes. This can also be seen in similar numerical studies,
such as [3], in which the flow-front was observed within the partially filled computational
grid cells. Accordingly, the results stressed the fact that the flow-front progression with
40–50% resin volume fraction agreed well with the analytical solutions for all cases. Less
computational time was observed at large time-steps such as 50 s; however, smaller step
sizes are preferred (e.g., determined by grid cell size divided by fluid velocity value) [26].
By applying this, sharp flow-front behaviour could be seen in which the partial saturation
zone was reduced (c.f., Figure 4). Consequently, filling front positions would be more mani-
fested or perceivable, and an accurate on-line flow control could be attained. It should be
noted that different implicit-scheme-based time-steps would offer the same required time
for the mould-filling process; nonetheless, computational time processing would vary. For
instance, to accomplish a fully saturated fibre preform with the geometry dimensions and
boundary conditions illustrated in Figure 5 for the 50% porosity value case, 1600s is needed.
This was achieved by all time-stepping sizes, 5s, 25s, and 50s, but with different numbers of
time-steps: 320, 64, and 32 respectively. This means that a shorter computational time can
be obtained with the maximum time-stepping size, while maintaining the same accuracy of
the output results, and this can be explained by Figure 5 together with Table 2. Therefore,
when supposing that the user is interested in a shorter computational time to optimise the
mould-filling process, it would be recommended to follow the maximum time-stepping
in accordance with the mesh/grid element size. It is worth mentioning that an Intel Core
i7-1165G7 Processor (Central Processing Unit CPU) was used to run the present numerical
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simulations. Figure 5 presents the computed results for various woven fabric aggregate
porosities, 40%, 50%, and 60%, with different time-step sizes, 5s, 25s, and 50s, for each
porous medium case. The results showed perfect alignment with ones calculated by tran-
sient Darcy for all flow-front simulations. Therefore, the numerical approach proposed
in this study shows its reliability and can be confidently used to optimise RTM/VARTM
filling processes.

Figure 4. Numerical rectilinear/channel flow saturation throughout a porous medium with 50%
aggregate porosity (φo) at a constant injection pressure for different time-step sizes: 5 s, 25 s, and 50 s.
(a) 5 s, (b) 25 s, and (c) 50 s.
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Table 2. Computational processing time with different time-stepping sizes for each medium porosity.

Medium Porosity [%] Time-Stepping Size [s] CPU [s] Real Time [s]

40

5 19.75 481

25 5.44 89

50 2.97 57

50

5 14.67 319

25 3.76 67

50 2.2 40

60

5 8.14 148

25 2.26 42

50 1.55 26

Figure 5. A comparative analysis for prediction of flow-front position as a function of time.

3.2. Three-Dimensional Curved Mould for Complex Shapes

For a complex shape, a study by Geng et al. [27] was selected to examine the current
approach against the populated experimental data. Figure 6 shows a schematic diagram
of the experimental setup that was used by [27], in which VARTM was adopted. Geng
et al. [27] managed to perform experimental works for curved composite shapes using
VARTM, and this was done with different bend angles, i.e., 180, 120, 90, and 60 degrees.
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Therefore, this paper assesses the developed numerical flow-front prediction for a three-
dimensional complex shape during the mould-filling process. This is applied to curved
non-crimp fabric (NCF) plates with 90 degree bending, and simulations are conducted
on single and multiple layers based on the VARTM experiment by Geng et al. [27]. The
permeabilities of fibre preforms are set to be 2.98 × 10−11 [m2] and 4.6 × 10−11 [m2], with
fibre volume fractions (Vf ) 22% and 40% for 1-layer and 6-layer, respectively [27]. This
is along with the flow properties 968 [kg/m3] and 0.35 [Pa · s] for density and viscosity,
and a volume-average velocity range (u) 0.00025–0.00035 [m/s] [27]. With such a curved
composite part, the curvature region is said to be impacting the resin impregnation, as
was thoroughly discussed by Alotaibi et al. [30], and hence it is considered in the present
work. In such a case, the resin flow will be affected by the degree of curvature as long
as it progresses within the curved zone—see Figure 7. This would show 90 degrees of
curvature (Dc) with a deflection angle impact range (0◦≤ θ ≤ 45◦). Thereby, a set of
equations is required to be incorporated with the flow equations—see Equation (7)—and
this is done using the User-Defined Function (UDF) in ANSYS Fluent. The results give a
good impression of the capability of the current numerical model, in which most of the
tracking flow-front points (c.f., Figure 8) fit well, showing ≤ 5.7% discrepancy with the
experimental data. This is in addition to the mould-filling time, wherein times of 760 s
and 475 s were achieved for 1-ply and 6-ply, respectively, in comparison to 750 s and 470 s
experimental fill time. Figure 9 portrays the resin flow progression contours/outlines for
1-ply and 6-ply NCFs, and with a more permeable fibre perform (e.g., 6-ply case), this
would hasten the flow advancement. It should be noted that a hexahedron mesh topology
is preferred when applying the relevant degree-of-curvature equations through the UDF,
since it provides a sequential quadrilateral cell type, and this makes it compatible with
the degree-of-curvature concept. The present numerical methodology proves its capability
to monitor and predict resin flow advancement in RTM/VARTM processes that include
regular and complex shapes, and it also offers a simple and accurate technique that permits
efficient computational modelling.

Figure 6. A VARTM experimental setup used for a curved or L-shaped composite components [27].
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Figure 7. A schematic diagram of (a) curvature and straight regions of the L-shaped composite part,
(b) 1-ply fibre preform with 1.46 mm thickness, and (c) 6-ply fibre preform with a 4.84 mm thickness.

Figure 8. Numerical flow-front predictions vs. experimental observations for a complex shape with
single and multiple plies.

Figure 9. Three-dimensional numerical mould-filling process of a curved-type (L-shaped) composite
component. (a) 1-ply (b) 6-ply.
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4. Conclusions

A numerical technique was proposed using the data-track-point feature of ANSYS
Fluent to predict the flow-front position as a function of time throughout the computational
domain, as a means to simultaneously monitor filling progression during LCM processes
(e.g., RTM/VARTM). The results stressed that the grid-independent solution (implicit VOF)
of structured or unstructured control volumes does not impact the output of flow param-
eters, while allowing less computational time at larger time-step sizes. The simulation
approach followed the FVM-VOF-based multiphase flow problem together with implicit
time discretisation. The numerical model has been validated with Darcy’s law and an
experimental work [27] for a transient flow at various aggregate porosities of dual-scale
fabrics. It is noteworthy that the present work assumes no chemical conversion of the fluid
flow (i.e., a constant viscosity) during the impregnation process. A future work will include
a cure-temperature-time-dependent viscosity to characterise their impacts on the impreg-
nation/saturation of complex (woven) fabric structures with heterogeneous permeability.

Author Contributions: Conceptualisation, H.A. and M.J.; Investigation, H.A.; Software, H.A.;
Writing—original draft, H.A.; Writing—review and editing, H.A., M.J., C.A. and C.S.; Supervision;
M.J., C.A. and C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

References

1. Månson, J.A.E.; Wakeman, M.D.; Bernet, N. Composite Processing and Manufacturing—An Overview; Comprehensive Composite
Materials; Elsevier: Amsterdam, The Netherlands, 2000; pp. 577–607; ISBN 978-0-08-042993-9.

2. Ermanni, P.; Di Fratta, C.; Trochu, F. Molding: Liquid composite molding(Lcm). In Wiley Encyclopedia of Composites;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012; p. weoc153.

3. Tan, H.; Pillai, K.M. Multiscale modeling of unsaturated flow in dual-scale fiber preforms of liquid composite molding I:
Isothermal flows. Compos. Part A Appl. Sci. 2012, 43, 14–28. [CrossRef]

4. Hoes, K.; Dinescu, D.; Sol, H.; Vanheule, M.; Parnas, R.S.; Luo, Y.; Verpoest, I. New set-up for measurement of permeability
properties of fibrous reinforcements for RTM. Compos. Part A Appl. Sci. 2002, 33, 959–969. [CrossRef]

5. Binétruy, C.; Hilaire, B.; Pabiot, J. The interactions between flows occurring inside and outside fabric tows during rtm. Compos.
Sci. Technol. 1997, 57, 587–596. [CrossRef]

6. Luce, T.L.; Advani, S.G.; Howard, J.G.; Parnas, R.S. Permeability characterization. Part 2: Flow behavior in multiple-layer
preforms. Polym. Compos. 1995, 16, 446–458. [CrossRef]

7. Schmachtenberg, E.; Schulte zur Heide, J.; Töpker, J. Application of ultrasonics for the process control of Resin Transfer Moulding
(Rtm). Polym. Test. 2005, 24, 330–338. [CrossRef]

8. Carlone, P.; Rubino, F.; Paradiso, V.; Tucci, F. Multi-scale modeling and online monitoring of resin flow through dual-scale textiles
in liquid composite molding processes. Int. J. Adv. Manuf. Technol. 2018, 96, 2215–2230. [CrossRef]

9. Babu, B.Z.; Pillai, K.M. Experimental investigation of the effect of fiber-mat architecture on the unsaturated flow in liquid
composite molding. J. Compos. Mater. 2004, 38, 57–79. [CrossRef]

10. Lawrence, J.M.; Barr, J.; Karmakar, R.; Advani, S.G. Characterization of preform permeability in the presence of race tracking.
Compos. Part A Appl. Sci. 2004, 35, 1393–1405. [CrossRef]

11. Di Fratta, C.; Klunker, F.; Trochu, F.; Ermanni, P. Characterization of textile permeability as a function of fiber volume content
with a single unidirectional injection experiment. Compos. Part A Appl. Sci. 2015, 77, 238–247. [CrossRef]

12. Di Fratta, C.; Koutsoukis, G.; Klunker, F.; Ermanni, P. Fast method to monitor the flow front and control injection parameters in
resin transfer molding using pressure sensors. J. Compos. Mater. 2016, 50, 2941–2957. [CrossRef]

13. Simacek, P.; Advani, S.G. A numerical model to predict fiber tow saturation during liquid composite molding. Compos. Sci.
Technol. 2003, 63, 1725–1736. [CrossRef]

14. Rodrigues, I.; Amico, S.C.; Souza, J.A.; de Lima, A.G.B. Numerical analysis of the resin transfer molding process via pam-rtm
software. Defect Diffus. Forum 2015, 365, 88–93.

146



J. Compos. Sci. 2022, 6, 330

15. Grössing, H.; Stadlmajer, N.; Fauster, E.; Fleischmann, M.; Schledjewski, R. Flow front advancement during composite processing:
Predictions from numerical filling simulation tools in comparison with real-world experiments. Polym. Compos. 2016, 37,
2782–2793. [CrossRef]
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Abstract: The quality of Liquid Composite Molding (LCM) manufactured components is strictly
related to the fibrous preform impregnation. As Darcy’s law suggests, the resin flow is influenced
by the pressure gradient, geometrical features of the reinforcement, and resin viscosity. The former
two parameters are dictated by the requirements of the component and other constraints; therefore,
they are hardly modifiable during the process. Resin preheating increases its fluency, thus enhancing
the impregnation and saturation flow, and reducing the mold filling time. In the present work,
a microwave heating system has been integrated within a vacuum bag resin infusion process, to
analyze the effect of the online preheating on the fiber impregnation. To monitor the resin flow a
dielectric sensors-based system is used. Results from resin infusion tests conducted with and without
the resin pre-heating were compared: the outcomes indicated an advance of approximately 190 s of
the flow front when microwave heating is applied with respect to the unheated tests.

Keywords: liquid composite molding; microwave preheating; dielectric flow monitoring

1. Introduction

Liquid composite molding (LCM) processes, such as resin transfer molding (RTM)
or Seemann composites resin infusion molding (SCRIMP) processes have been addressed
by composite industries as a promising technology to manufacture polymeric matrix
composites out-of-autoclave. Some of these processes are particularly interesting for the
industry involved in the production of large-scale structures, even with complex shapes [1].
However, large scale diffusion of components depends on the possibility to lower the
overall costs of the products and scale-up the technology to a mass production, always
guaranteeing the quality of the manufactured composite structures [2].

In LCM processes, the final quality of the products is strictly connected to the impreg-
nation and curing phases [3]. Dry spots or excess in resin, delamination or cracks, and
residual stress are some of the most common flaws that can occur during the manufacturing
compromising the performance and the integrity of the structure if the mentioned aspects
are not carefully designed and monitored [4,5]. Impregnation defects can be related to the
incompatibility of the two main phases involved. From this point of view, the binder plays
a key role [6].

Sensing techniques have been developed to monitor both resin flow front progression
and the cure degree in thermoset matrix composite manufacturing processes. They include,
but are not limited to, the use of optical FBG sensors [7–9] pressure transducers [10],
thermocouples [11–14], SMART weave sensor [15,16], electrical time domain reflectometry
(ETDR) [15], ultrasonic, dielectric and piezoelectric sensors [17–22]. In their previous works,
authors developed a sensing system based on dielectric analysis (DEA) to monitor the resin
flow progression during the Resin Infusion process [19,20]. DEA relies on the measurement
of the dielectric properties, i.e., permittivity and ionic conductivity of the test material:
dielectric material is placed between electrodes forming a capacitor and an alternating
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electric field is applied across the plates, then permittivity, loss factor and ionic conductivity
can be determined from the output current [23]. Dielectric sensors, consisting of parallel
plates placed on both sides of a mold, were implemented in a lab-scale LCM apparatus
and provide pieces of information on the resin arrival at the sensor position by detecting
variation in the dielectric properties of the medium (glass fibers plus resin) [20,24]. Since
the electrodes can be placed outside of the composite laminate, the sensing system is less
invasive and does not affect either the integrity of the manufactured parts or the surface
finishing of the part.

In addition, the parallel plate dielectric sensors are characterized by a higher scan-
ning depth, which makes this design suitable also for thick composite [24,25]. The plane
plates dielectric sensors require that the sensing areas of the electrodes must be parallel
to each other, and the reciprocal distance must be known and kept constant during the
entire infusion process. This limited the usage of these types of dielectric sensors only to
specific classes of LCM processes using rigid molds, such as RTM, which ensures that these
requirements are observed. LCM processes involving flexible upper mold, such as Vacuum
Assisted Resin Infusion (VARI) or SCRIMP processes, were coupled only with co-planar
dielectric sensors [16,26]. To the authors’ best knowledge, no attempts have yet been made
to apply parallel-plates dielectric sensors to monitor these processes.

In addition to the monitoring and the control of impregnation and curing phases to
ensure the quality of the composite parts, the scale-up of the composite industry to a mass-
production is also limited by the manufacturing time of a component, dictated by the time
required to fully impregnate the fibrous reinforcement and the time to complete the curing
of the resin. This is especially true in the case of big components, such as boat hulls (usually
manufactured by the SCRIMP process), where the impregnation is particularly long and
the curing of resin is deliberatively kept slow to avoid gelation prior to the complete
wetting [27]. In this scenario, enhancing strategies of the resin flow through the fabric
is of paramount relevance to achieve a uniform impregnation of the fibers and optimize
the filling time, mitigating the manufacturing flaws and contributing to a reduction in
the overall production time of a composite structure. Among the strategies investigated,
the reduction in resin viscosity by means of mold temperature increases [28]; preform or
resin preheating [28–31] can improve the flow through the preform and, thus, decrease the
impregnation time. Dealing with thermosetting resin systems involves time-temperature
constraints related to its reactivity and the consequent reduction in pot life. From this point
of view, microwave-based heating systems guarantee a high efficiency thermal energy
transfer. Reductions in filling time of about 13% and 25% have been obtained in the case
of non-reactive and reactive systems, respectively, by optimizing the microwave heating
apparatus [32–35].

Previous experiments have been dedicated to the study of the resin flow through a
dry fibrous preform sealed between rigid molds [32–35]. In the present article, the author
investigated the application of microwave preheating to the SCRIMP process to reduce the
filling time. Parallel plate dielectric sensors were also implemented to monitor the resin
flow. An ad-hoc system was developed to install the electrodes on the vacuum bag and
ensure the correct alignment of the plates during the whole process.

2. Materials and Methods

The liquid composite molding (LCM) experimental was conducted based on the
following preliminary requisite materials along with the ancillary materials. HexForce
E-glass twill 2/2 fabric was used as reinforcing material. 12 layers of the glass fiber fabric
were cut into rectangular plies with dimensions 300 mm × 240 mm. Main properties of the
reinforcement are indicated in Table 1.
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Table 1. Reinforcement properties.

Reinforcement Glass Fiber (E-Glass)

Weave style for intended preform Twill 2/2 fabric
Areal density 390 g/m2

Fabric thickness 0.3 mm
Construction 90◦ warp/weft

Epoxy resin SX 10 was utilized upon the room temperature premixing with the Epoxy-
based hardener in the mixing ratio of 100:26. The resin properties are mentioned in
Table 2. Its rheological behavior measured by rheometry testing is depicted in Figure 1 and
described by the following equation:

η = Aη exp
(

Bη

R T
+ Cηα

)
, (1)

where the viscosity η depends on the pre-exponential term Aη = 7.093 × 10−8 [Pa·s], the

calibration coefficients Bη = 3.999
[
J·mol−1

]
and Cη = 1.63, the universal constant of gases

R = 8.314
[
J K−1·mol−1

]
, the temperature T expressed in Kelvin degrees, and the degree

of cure of the resin system α.

Table 2. Resin matrix properties.

Matrix Epoxy SX10 EVO

Viscosity at 25 ◦C 0.250~1.20 Pa·s
Gardner index 3

Density at 20 ◦C 1100 kg/m3

Flash point >100 ◦C

 
Figure 1. Viscosity of resin system as function of temperature and heating rate.

The vacuum bagging setup is shown in Figures 2 and 3, and it consists in the following
steps:

1. Application of PVA release agent on the upper side of the mold;
2. Positioning of 12 sheets of glass fiber;
3. Positioning of peel ply and distribution media;
4. Positioning of the vacuum bag.
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Figure 2. Vacuum bagging setup scheme.

 

Figure 3. (a) Lower half-mold embedding the dielectric armatures. (b) Upper armatures mounted
along with the soldered connecting wires over the vacuum bag during the resin flow progression.

The used ancillary materials, such as resin flow tubes and sealant tapes, were able to
withstand high temperature. This selection was taken considering the temperature increase
due to microwave preheating.

The lower armatures of the dielectric sensors are embedded in the rigid mold, as
illustrated in Figures 2 and 3a. The armatures consist of square copper plates (25 × 25 mm2)
located at 60, 150, and 240 mm from the resin inlet, respectively. The three upper armatures
of the capacitive sensors were fixed on the vacuum bag in correspondence to the lower ones.
The eyelets milled in the rigid lower and sealed by transparent plastic allow to visually
monitor the bottom-side flow. Two cameras were focused on the vacuum bag and on the
eyelet during the entire test to monitor the position of the resin flow front.

Spiral wraps were inserted for the easy entry and exit of the resin under the vacuum
bag. The vacuum bag encompassing the fibrous preform was sealed using the sealant
tape avoiding any spot for external air insertion. The vacuum was induced by attaching
the resin outlet tube to the vacuum pump. The resin inlet was clamped and negative
air pressure of 0.9 bar was maintained to place the entire arrangement under vacuum
conditions. Figure 4 shows the two schemes adopted to carry out the laboratory tests: the
upper scheme represents the setup without microwave preheating; the lower is the setup
involving the microwave preheating.
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Figure 4. Schematic representation of the experimental setup of the resin infusion mold equipped
with the dielectric and thermal acquiring system.

The microwave facility, depicted in Figure 4, consists of a 2 kW microwave generator,
stainless steel waveguides, cylindrical resonance cavity, and ancillary tools. The choice
of a microwave-based system to preheat the resin is based on the thermo-chemical and
rheological behavior of the thermosets. Indeed, these polymeric systems are characterized
by short pot-lives, which are further reduced when increasing their temperature. This
entails the necessity for an efficient volumetric heating system. More details about the
design and optimization of the apparatus can be found in previous articles [32–34]. An
intermediate vessel has been placed between the exit of the microwave cavity and the resin
inlet into the vacuum bag. The vessel works as a buffer to decouple the heating system
and the LCM apparatus to avoid a potential mismatch between the resin flow rate and the
amount of energy provided by the microwaves [34], which could lead to an overheating
of the catalyzed resin. The resin is driven through the microwave preheating cavity to
the buffer vessel by positive pressure. The resin flow through the resonant cavity and the
microwave power emitted have been calibrated by performing preliminary heating tests. A
resin flow of 0.38l/min was set, while the power emitted by the magnetron was 2 kW.

3. Results and Discussion

Dielectric measurements and visual analysis of the flow front performed during the
two tests are reported in Figures 5 and 6.
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Figure 5. Dielectric acquisition in conventional resin infusion (a) and in resin infusion test with
microwave preheating (b).

Figure 6. Visual resin flow front profiles compared with dielectric signals for resin arrival and preform
saturation acquired during the two tests from top side (a) and bottom side (b).

The dielectric sensors detect variations in the capacitance of medium contained be-
tween the two armatures as the resin flow reach the sensor locations [19,20]. The observable
variations in the signals during the infusion can be ascribed to the resin flow through the
glass fiber fabric. Three distinct trends in the capacitance curves can be detected, which are
more evident in the test without preheating where the resin flow is slower than that in the
tests with resin preheating. The signal shows an initial increasing step, ranging from 8 to
15% of the saturated signal and is related to the flow of the resin through the flow media:
the resin, indeed, promptly impregnated the distribution web covering almost immediately
the sensing area due to its high permeability, which can be two orders of magnitude higher
that the textile or even more. After that, the resin progressively fills the glass fabric layer
below the flow media and the capacitance profile proceeds with a reduced slope until it
reaches a plateau. At this point the proportion between resin and fibers stabilizes and the
signal remains almost constant or without significant variations. Fluctuations of the signals
are due to the continuous flow of the resin through the preform in the sensing areas. The
capacitance curves of the three sensors present different slope for each phase of the infusion
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and are due to the reduction in the resin velocity as expected in case of applied constant
gradient pressure, typical of the SCRIMP process. Therefore, the impregnation is faster at
the beginning of the infusion and slows down as the infusion proceeds (it is also visible in
the flow front profiles described in Figure 6)

By comparing the profiles of the signals from the two experiments, the effect of the
preheating on the behavior of the resin is visible. The signal detected by sensor 1, located at
60 mm from the resin inlet, reaches the plateau with a remarkably advance when compared
to the non-heated resin case (Figure 5). Despite that the first step related to the resin flow
through the flow media, which does not show remarkable differences, the steeper curve
describing the second stage of the infusion evidences how the impregnation of the glass
fabric layers proceeds faster in the test with preheated resin reaching the saturation in
approximately ten seconds after the arrival of the resin at the sensing location.

A similar trend can be observed at the locations of sensors 2 and 3, where saturation
of the preform with preheated resin was achieved in less than half the time required by the
non-heated resin. It is worthy of noting that the effect of the resin preheating cannot be
appreciated at the very beginning of the infusion when resin first goes through the flow
medium: the high permeability has a predominant effect on the resin velocity than the
reduction in viscosity from the temperature increasing [36].

The advancement profiles of the resin flow front captured by the cameras during the
two experiments are reported in Figure 6. The two profiles in Figure 6a refer to the resin
advancing on the flow media, while Figure 6b shows the flow front of the resin acquired on
the mold surface from the eyelet (Figure 2). The position of the flow front has been also
acquired from the dielectric signals and reported in both graphs for the tests with unheated
and preheated resin.

In both tests, the resin flow velocity decreases during the infusion. Indeed, the
resin initially advances pushed by a high-pressure gradient and, during the infusion, the
gradient decreases in relation to the advancement of the resin describing the conventional
flow through a porous medium [36]. Figure 6 shows the difference between the two test
cases. Indeed, the microwave preheated resin flow front reaches the vent in less than 70%
of the non-heated resin. In the earliest 100 mm the microwave preheated resin flow front
is more than twice faster if compared to the non-heated case: 2.3 mm/s for the preheated
resin, 1.0 mm/s for the conventional process. The velocity difference decreases as the
process continues. In the last 100 mm, the average flow front velocities are 0.34 mm/s and
0.23 mm/s, respectively.

The analysis of the flow-front detections acquired from the eyelets of the bottom half-
mold indicate the complete impregnation of the preform, which is delayed with respect to
the top flow due to the difference in the permeability of flow media and fiber fabric. Due to
the design of the rigid half mold, the bottom flow front can be acquired only on the eyelet,
which ranges from 65 to 195 mm from the inlet. Therefore, only data from sensors 1 and 2
can be correlated to the visual analysis, since the sensing area of sensor 3 is not covered by
the eyelet. From data reported in Figure 6, it is possible to observe that while the reduction
in filling time on the top of the preform is approximately 25% at 195 mm from the inlet,
the difference in the bottom flow between the tests with preheating and non-heated resin
is around 50%. Clearly, the flow through the distribution medium is less affected by the
preheating, thanks to the high permeability of that medium (it is visible also in the dielectric
signals, as mentioned before); on the other hand, it has a significant influence on the flow
through the fabric where the reduction in the viscosity plays a major role in facilitating
the impregnation of the fibers. The beneficial effect of microwave preheating, as reported
in previous works [32–34], is related to the rheological behavior of thermoset resins: the
temperature reached by the resin at the exit of the microwave cavity was approximately
36 ◦C, while the room temperature at which the test with non-heated resin was conducted
was 22 ◦C; at 36 ◦C the viscosity decreases from 0.8 Pa·s up to 0.4 Pa·s, as shown in Figure 1.
Nevertheless, the thermal energy conferred to the resin must be carefully tuned to avoid
premature gelation of the thermoset. At the operative temperature reached by the resin
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in the test with preheating, no gelation occurred for the time required to complete the
impregnation of the preform.

Table 3 summarizes the times of the resin flow when it reaches the sensing locations;
the arrival on the sensor edges determining the first reaction of the sensors and the time
when the resin reached the opposite edge and fully cover the sensor. The saturation time
corresponds to the stabilization of the dielectric signals (Figure 5) and it represents the
moment when the resin reaches the end of the sensing area on the bottom of the mold, and
it has fully impregnated the whole thickness of the preform. The graphs in Figure 6 show
the good agreement between the visual and dielectric analyses and the reliability of the
latter in detecting the resin flow on both the top and the bottom of the mold.

Table 3. Times of resin flow arrival at sensing locations for tests with non-heated and preheated
resin acquired by dielectric sensors and the saturation of the dielectric signals (in the parenthesis are
reported the distances from the inlet port).

Non-Heated Resin Infusion Preheated Resin Infusion

Time [s]

Arrive to S1 (50 mm) 17.0 6.0
Arrive to end of S1 (70 mm) 46.0 16.5
Saturation S1 730 145
Arrive to S2 (140 mm) 140 66.5
Arrive to end of S2 (160 mm) 190 115
Saturation S2 1600 550
Arrive to S3 (230 mm) 415 325
Arrive to end of S3 (250 mm) 485 450
Saturation S3 5020 3810

By analyzing the dielectric data, it is possible to appreciate the benefits of the mi-
crowave heating method: a remarkable reduction in the infusion time in the test with
microwave preheated resin was registered with the shortening of the saturation times
of the three sensors by approximately 80%, 65%, and 30%, respectively. The top flow
registered a smaller decrease in times of approximately 64 %, 52%, and 7%, respectively, on
the three sensors.

Figures 7 and 8 depict a qualitative representation of the flow front derived from the
data of the dielectric sensors at specific moments of the infusion.

 

Figure 7. Schematic representation of flow front profile at the arrival of the resin on the sensing area
for infusion with non-heated resin.
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Figure 8. Schematic representation of flow front profile at the arrival of the resin on the sensing area
for the infusion with microwave preheated resin.

In the SCRIMP process, the presence of a distribution medium determines the for-
mation of two main flows: the first through the free-fibers region (i.e., the distribution
medium) and the second through the fiber preform region (bulk porous medium). The
former consists of a longitudinal flow from the inlet to the vent, while the second present a
combination of a transverse flow (i.e., the out-of-plane flow through the thickness of the
fiber preform) and a longitudinal one. This gives place to two regions characterized by
different flow behaviors: a fully saturated zone, where the fluid flows through the preform
with a velocity profile constant along the thickness of the preform, and a partially saturated
zone, characterized by longitudinal and transverse flows through the thickness (Figure 8,
time 450 s).

In the former region, the velocity vector is parallel to the main flow direction repre-
senting a fully developed flow, and meaning that the flow is substantially unidirectional
with no significant crossed flows.

The flow in the latter zone is bi-directional (visual analysis indicated that in the in-
plane flow no variations of the resin velocity occurred along the transversal direction) since
the resin permeates from the distribution media in the through-the-thickness direction. The
higher resin velocity along the longitudinal direction in the distribution medium deter-
mined a complex shape flow front. This feature characterizes the unsaturated region [36].

The formation of the unsaturated region, as mentioned before, occurred as the infusion
begins due to the high longitudinal permeability of the distribution medium compared to
the reinforcement one. In the unsaturated region, part of the liquid resin flows transversally
from the distribution medium toward the preform, however, this transversal flow occurs to
limited extent also in the saturated region determining the formation of a transition region
between the saturated zone and flow front region [36].

Previous work by some of the authors [36] pointed out that the ratios between the
thicknesses and between the permeabilities of the distribution medium and preform influ-
ence the extension of the unsaturated region and, hence, the delay between the first arrival
of the resin to the vent and fully impregnation of the preform while other parameters, such
as the fiber volume fraction or the compressibility of textiles, do not play a significant role.
Therefore, in the present experimentation, the differences observed have to be ascribed to
the change in rheological properties induced by the preheating being the other factors kept
equal in the two tests.

In the infusion with non-heated resin, the unbalance in the permeability of distribution
medium and fiber bulk determined a large difference in the resin velocity in the tow region
resulting in a long unsaturated region (Figure 7). Indeed, when the resin reached the end
of sensor 2 the preform in sensing area 1 is only partially filled, the signal is at 30% of its
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plateau and, by extension, it is possible assuming that the preform is impregnated by the
same percentage. On the other hand, in the test with preheated resin the length of the
unsaturated zone is far smaller and the preform in sensing area 1 is filled with the resin
by almost 70%, consistently with the reduction in the time required by sensor 1 to reach
the plateau in the two experiments (Table 3). Furthermore, it is possible to observe that
when the resin reaches the end of sensor 3 the preform at sensor 1 location is still not fully
impregnated: the resin reached that location almost 250 s in advance with respect to the
saturation of the preform, which was approximately 77% (Table 3). The preform at the
location of sensor 2, as consequence, result partially filled by only 17%. Conversely, in the
test with preheating, the resin filled in a shorter time the preform thanks to the reduced
viscosity and the enhanced flow resulting in a full impregnation at sensing area 1 and in a
high level of saturation of the preform at the sensing area 2 of almost 80%. The analysis of
the present preliminary experimentation indicates that microwave heating is effective to
enhance the resin flow not only in the conventional RTM or VARTM processes [34] but also
in the case of processes using a flexible half mold, such as SCRIMP, being able to further
promote the impregnation and reduce the overall filling time more than that obtainable by
using the sole distribution medium. The good agreement between dielectric signals and
visual analysis also indicated the validity of the dielectric analysis and parallel-plate sensor
for flexible-mold manufacturing processes. Further development involving the numerical
analysis of the resin flow will be useful to strengthen the correlation between the actual
position of the resin during the infusion and the signals from the dielectric sensors.

4. Conclusions

This paper compares the performances of the conventional resin infusion process
and microwave preheated resin infusion in the case of flexible mold. The experiments
conducted and the analysis of the achieved outcomes evidenced that the resin system
preheating gives place to beneficial effects in the vacuum infusion processes, with a marked
reduction in the cycle time. The reduction in the viscosity provokes an improvement of
the flow, in agreement with Darcy’s law. Considering the achieved results and what was
discussed above, the following remarks can be drawn:

1. The unsaturated resin flow front is faster at the inlet due to the higher gradient of
pressure. It decelerates during the infusion. In the present experiments, the final flow
front velocity ranges between 15% and 22% of the initial velocity.

2. The flow front velocity is significantly affected by the microwave preheating: the resin
reached vent 220 s earlier than in the non-heated resin case evidencing a reduction of
29% in the flow front crossing time.

3. The dielectric sensors detected a marked deceleration of the saturated resin flow as
the distance from the resin inlet increased. The velocity decrease between sensor 1
(60 mm from the inlet) and sensor 3 (240 mm from the inlet) ranges between 84%
and 92%.

4. The microwave preheating is beneficial to the infusion process. The dielectric measure-
ment evidenced a decrease in overall saturation time of 50% correlated to a reduction
in the length of the unsaturated region.

The presented results raise new interrogatives, such as the effects of microwave
preheating on the fibrous preform saturation in vacuum bag infusion processes and resin
system curing time, the effects related to the geometry and the architecture of the fibrous
preform, or the influence of the binder applied, just to mention some of them. These aspects
should be investigated by further analyses in future works.
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