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Summary. The introduction highlights that composite materials made of
polymers reinforced with carbon fiber (CFRP) or glass fiber reinforced polymers
(GFRP) are frequently used for energy absorption in modern vehicles. The raw
material base for the production of glass fiber and carbon fiber has been
investigated. The advantages and disadvantages of the most common raw
materials are outlined, along with the specific technological operations involved
in the production of composite materials based on them. It is noted that glass fiber
(GFs) is currently considered one of the most adaptable production materials due
to its availability and the ease of manufacturing using abundant raw material
resources.

The essence of the main technological operations in the production of
composite materials from glass fiber is described. A schematic representation of
the industrial stages of fiberglass production is provided. The results of previous
studies on the mechanical properties of fiberglass are presented, and methods for
improving the properties of the finished composite material are suggested. The
methods of production, properties (mechanical, vibrational, environmental,
tribological, and thermal), advantages, limitations, and main areas of application

of composites based on glass fiber and carbon fiber are thoroughly reviewed.
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Throughout human history, from the earliest civilizations to the innovations
of the future, composite materials have played a key role in it. They are
significantly different from steel or aluminum in several parameters: they have
low weight, high strength and rigidity, absorb vibrations well, are flexible in
design, and have resistance to corrosion and wear. These properties make them
popular in many industries from household goods to high-tech applications such
as medicine, sports, shipping, and construction [1-5].

Composite materials, which are made of polymers and reinforced with
carbon fiber (CFRP) or glass fiber reinforced polymers (GFRP), are often used
for energy absorption in modern cars. They have moderate density and higher
mechanical characteristics than traditional metals [11].

There are many types of fibers (glass, carbon, aramid, etc.) for making
modern fiberglass composites. Fiberglass and carbon fibers are the most common
because of their unique properties. Glass fibers have proven themselves well
under high tensile loads, while carbon fibers have high compressive strength [15].
Combining these materials makes it possible to create fiberglass composites,
which are effectively used in the production of cars, the aerospace industry, sports
goods, and many other industries [16—19].

The process of making fibers involves pushing raw materials through tight
holes and curing them under various conditions, which promotes the formation of
molecules along the axis of the fiber. The industry uses both natural (cellulose,
animal, mineral) and artificial (organic, inorganic) fibers, in particular glass and
carbon, which are the most popular for the production of high-performance

fiberglass composites.
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Glass fibers (GFs) are currently considered as one of the most adaptable
manufacturing materials due to their availability and the possibility of easy
fabrication using unlimited raw material resources.

Today, glass fibers (GFs) are actively used in the production of structural
composites, in electronics, shipbuilding (boat hulls), printed circuit boards,
aerospace, automotive (in particular, for rubber tires and light parts), as well as in
special purpose products. Glass fibers have unique characteristics, such as low
thermal conductivity, high strength, excellent electrical insulation, elasticity, non-
flammability, rigidity and resistance to chemical influences. They can be in the
form of individual strands, cut fibers, threads, fabrics and mats. Each type of
fiberglass has its own characteristics and is used for different purposes in the
manufacture of fiberglass composites. However, one of the significant
disadvantages of fiberglass is its relatively low modulus of elasticity [9—-10].

As for carbon fibers (CFs), they are made from polyacrylonitrile (PAN),
viscose, mesophase pitch, or petroleum products (under protected atmosphere
conditions). Carbon fibers are approximately 5—10 micrometers in diameter and
are more than 90% carbonized. Their main characteristics include light weight,
high stiffness, high tensile strength, fatigue resistance, effective vibration
damping, heat resistance, high chemical and corrosion resistance, electrical
conductivity, inertness to organic substances, X-ray permeability, self-lubricating
properties and low coefficient of thermal expansion. Due to these properties,
carbon fibers have become popular in various fields of engineering, such as the
aerospace industry, automotive and marine transport, the military, the production
of antennas, support structures, construction, the medical field (surgical and X-
ray equipment, prostheses, implants), as well as in sports inventory.

Carbon fibers are classified by the type of fibrous precursor materials.
These can be fibers based on pitch, PAN, mesophase, viscose, isotropic pitch or
gas phase. According to their mechanical properties, they are divided into two

main categories: general-purpose fibers and high-performance fibers, which have
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medium, high (>3.0 GPa) or ultra-high (>4.5 GPa) tensile strength, and low (<100
GPa), medium (200-350 GPa), high (350450 GPa) or ultrahigh (>450 GPa)
modulus of elasticity.

Carbon fibers can be classified based on their final heat treatment
temperature (FHTT). Class I includes fibers that have undergone high-
temperature treatment (over 2000°C) and are characterized by a high modulus of
elasticity. Class II covers fibers after medium heat treatment (above 1500°C) and
this class of fibers has high strength. Class III covers fibers with low heat
treatment (less than 1000°C) and they have low modulus and low strength.
Depending on the production methods, carbon fibers (800-1600°C), oxidized
fibers (oxidation at 200-300°C), graphite fibers (2000-3000°C), activated CFs
and fibers grown from steam are distinguished [6— §].

According to the functional purpose, carbon fibers are classified into
several categories: fire-resistant fibers, fibers for structural loads, activated fibers
(for adsorption), lubricating fibers, conductive, corrosion-resistant and wear-
resistant fibers.

Technologies for the production of composites based on fiberglass and
carbon fiber also deserve a detailed study. According to Kumar V. [12], the
perfect production technology can be defined by the following characteristics:
minimum material costs (low material storage costs, low value-added materials
and transportation costs) and finishing requirements (mesh mold production),
high productivity (low labor intensity, short cycle time), maximum geometry
(complexity of dimensions and shape of the part) and properties (variety of types
of fittings/matrixes and the ability to control the main properties), flexibility,
reliability and high manufacturing quality (low variability and percentage of
defects). However, there is no production technology that would simultaneously
meet all these requirements, which are in demand in all leading industries.

Analysis of the scientific literature [ 13—14] proved that the autoclaving and

filament winding processes provide the best quality of the parts, while
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compression molding provides the lowest equipment costs and optimal
dimensions. The best performance is achieved with injection molding. In the
conditions of the rapidly changing market of composite structures, the industry is
forced to constantly improve the methods of manufacturing fiberglass materials,
developing new types of reinforcing materials, polymer systems and their
combinations. At the same time, the main task is to reduce costs, reduce
processing time, as well as reduce the weight and size of fiberglass parts.

In the development of FRP (reinforced plastic) composite materials, along
with numerous material combinations, various modern technologies are used to
manufacture fiberglass and carbon fiber components, such as contact molding and
compression molding. The use of these methods allows you to optimize the
properties of materials, the shape of products, their processing time and
production costs.

Technologies for forming composites under pressure make it possible to
create products with minimal labor costs that already have two or more finished
surfaces [20—25]. These methods include injection molding, the use of silicone
rubber, low pressure and temperature molding, transfer molding, resin transfer,
and injection molding using structural molds.

The composite injection molding (IM) process, also known as
“thermoplastic injection molding” or “thermoplastic molding”, involves injecting
a molten or softened thermoplastic material under high pressure into a pre-
prepared mold. This is a reversible formation process. The press mold consists of
several main parts: a nozzle, movable and fixed plates, a heating nozzle, a loading
hopper, a vacuum system, a screw for spreading or laminating, a closing
mechanism and a console (Fig. 1). The press mold consists of two parts: fixed and
movable plates. It is usually made of aluminum alloys, which allows reducing
production costs due to easier and faster processing compared to steel.

After the aluminum mold is made, the composite material, which can be in

the form of granules, pellets, balls or powder, is loaded into the hopper. The
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material is then transported using an auger that rotates in a heated drum. Thanks
to the rotation of the screw and temperature control (up to 200°C), the granules
are gradually softened and transformed into a molten mass. This molten plastic is
injected under high pressure through a nozzle into a mold using a hydraulic
injection molding machine. After cooling, the product acquires the desired solid
shape and is pulled out of the mold with the help of push-out mechanisms. At this

stage, the process can be repeated again, starting a new cycle (Fig. 1).
Pellets

5
LAY WL
a) L3 | 2

Fig. 1. The main technological operations of casting composite material under pressure:
injection — a) and forming — b)

1 — motor, 2 — screw, 3 — heater, 4 — mold

This technology makes it possible to produce a large number of identical
parts from high-quality fiberglass with minimal production cycles. The
manufactured components have the same mechanical properties that meet mass
production standards and range from very small elements weighing only a few
grams (e.g. electronic components) to large parts weighing several kilograms (e.g.
car body panels).

Silicone Rubber Molding (SRM) technology is widely used to create
models in a variety of leading industries, including automotive and electronics.

Xiao Y. and others [26] created a fiberglass composite structure using glass
fibers (GFs) and silicone rubber (SRM). In order for the SRM to serve as a release
material for the molds, the researchers polished its surface and applied hard wax
to it. After that, to ensure uniform distribution of the pure resin, a gel coating of
unsaturated polyester resin was applied to the surface of the mold. After the gel

coating hardened, layers of fiberglass and resin began to be applied. With the help
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of rollers, fiberglass was soaked with resin and evenly wetted. Then, for final
sealing of the structure, a polymer film was applied.

Compression molding (CM) is a method of manufacturing fiberglass
products, in which a preheated (or cold) reinforcing package is placed in an open
and heated mold cavity [27]. The form is fixed in a mechanical or hydraulic press.
The two metal halves of the mold are heated, after which they are closed and high
pressure is applied. Under the influence of pressure, the FRP material adapts to
the shape, giving the product the required shape. External pressure and
temperature are maintained until the material solidifies. The forming time, which
depends on the thickness and dimensions of the product, can vary from a few
seconds to a few minutes. In the CM process, various thermosetting resins are
used, which are used in a partially hardened state in the form of pastes, granules
or blanks.

As such, CM is the simplest form of SRM process, which was originally
developed to produce fiberglass parts as replacements for metal components,
especially in the automotive industry (e.g. spoilers, fenders, hoods, and buckets).
This method provides short production cycles, easy automation, high productivity
and dimensional stability. Pressed parts made of fiberglass have two perfectly
finished surfaces and are characterized by high repeatability of parameters.

In practice, high-temperature CM technology is often used to produce
strong fiberglass components and complex large-size parts (both flat and
moderately curved) in various sizes. In addition, compared to other fiberglass
manufacturing methods (IM, RTM, TCM), CM is one of the most economical
molding processes. Another advantage of this method is a significant reduction of
material waste, which is a significant advantage when working with expensive
compositions. In addition, costs for further processing are minimal [28].

However, in order to improve the quality of products made with CM, there
are several important challenges that need to be addressed in future research. In

particular, it is necessary to determine the exact amount of material that is required
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to manufacture the product, the minimum amount of energy and time required to
heat the material, the optimal heating method, and the optimal pressing force. In
addition, it is important to design a mold that will ensure rapid cooling after the
process is completed.

Resin transfer molding (RTM), also known as fluidic molding, is a
manufacturing technology for fiberglass composites. It is a method that uses
closed molds and is suitable for the production of high-quality composite parts in
small quantities. With relatively short production cycles, low equipment costs,
and minimal labor costs, this method is used to produce automotive truck panels,
boat hulls, aerospace components, and wind turbine blades. RTM is a low-
temperature, low-pressure (typically 3.5—7 bar) process in which a low-viscosity
liquid thermosetting resin is applied to pre-laid reinforcing materials. This method
is suitable for a variety of fiber types, including woven materials, mats, and
harnesses. In addition, the use of glass fibers (GFs) and carbon fibers (CFs) in the
RTM process has been reported to increase the strength and stiffness of FRP
composites.

The RTM process includes five main stages: preparing the workpiece,
placing it in the mold, filling the mold by injecting resin, the curing process, and
dismantling the finished part. Initially, a release gel is usually applied to the
surface of the mold to facilitate removal of the fabricated FRP composite. Then,
oven-dried reinforcing fibers (usually a blank or roll material cut according to a
certain pattern) are placed in the cavity of the mold, which is covered with a
molding coating. Two heated mold plates are tightly compressed to prevent resin
leakage [29].

Next, the resin together with the catalyst is mixed in special dosing
equipment, after which this mixture is injected under low or medium pressure
through one or more injection holes (depending on the complexity of the shape of
the part) into the fibrous blank. After cooling the mixture of the matrix and the

reinforcing material, various tools are used to remove the finished fiberglass part
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from the ventilated mold. Moreover, an additional curing process is necessary to
achieve full curing of the resin.

In addition, due to the surface treatment of the composites, a uniform
distribution of fibers in the matrix is achieved and their compatibility with the
matrix material is improved. High manufacturing speed and relatively low cost
make this method more attractive compared to other rapid prototyping
technologies. This makes it a cost-effective and efficient way of manufacturing
plastics.

The injection molding process allows recycled or colored plastic to be
added to the base material, with the parts typically requiring little additional
processing, and in some cases none at all. The pressure contact molding method
helps reduce cost when only one quality surface is required and speeds up product
development by simplifying mold making.

The Hand Lay-Up (HLU) method is the simplest and one of the oldest in
the production of fiberglass composite materials. This method is actively used in
the small-scale production of large structures in such industries as marine (boat
hulls and related parts), automotive (body panels), energy (wind turbine blades),
transport (large containers) and household (swimming pools, bathtubs, garden
ponds and architectural elements) [10].

HLU technology includes creating a high-quality product surface and
protecting the mold from moisture by applying a thin layer of pigmented gel
coating to the mold. This gel also acts as an anti-adhesive, making it easier to
remove the finished product from the mold. After the gel layer has hardened, a
reinforcing material is applied to the form. Next, a thermosetting liquid resin
(usually epoxy or catalyzed polyester) is poured over the reinforcing layer, which
can consist of continuous or chopped fibers, fabrics, mats or canvases.

Manual rolling is also performed to remove air trapped between the
reinforcing fibers, which helps to improve the bond between the matrix and the

reinforcing material. In addition, rolling helps to compact the FRP composite
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material and thoroughly impregnate the reinforcing fibers with resin. To achieve
the desired thickness of the fiberglass composite material, additional layers of
resin and reinforcing material are gradually added. To harden the composite,
instead of using external heating, you can use catalysts or accelerators.

The HLU method uses inexpensive equipment and is primarily used to
produce fiberglass parts with a large area-to-thickness ratio. Simplicity of
component processing, high flexibility in creating complex shapes and the
possibility of easy design changes make it possible to manufacture parts of various
sizes. This method is ideal for prototyping and manufacturing small batches or
individual large parts. However, parts made by the HLU method in open molds
have only one well-finished surface, which may require further processing. Thus,
parts can have a smooth surface on the mold side, but a rough surface on the
exposed side. It is worth noting that increasing the volume content of the resin can
significantly increase shrinkage, and the formation of gases and air entrainment
can weaken the polymer matrix, which will lead to a decrease in the strength of
the components. Accurate dosing of catalyst and resin and their proper mixing are
critical to achieving the required curing time. All these aspects create challenges
for the development of new approaches in the HLU process. Since HLU is a
highly manual process, special attention must be paid to fire safety and resin
toxicity.

Among the main difficulties, it is worth noting the confusion of fibers, their
short length and the possibility of reuse in other fiberglass composites. The most
environmentally acceptable solution to these problems may be the use of recycled
carbon fiber (CFs) as an alternative product with high added value.

Characterizing the main mechanical characteristics of fiber-reinforced
polymers (FRP), including composites with carbon (CFRP) and glass (GFRP)
fibers, the following properties should be noted. The tensile strength of fiberglass
depends to a greater extent on the characteristics of the fibers themselves, while

the shear strength is much more determined by the properties of the polymer
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matrix. In comparison, the Young’s modulus of an FRP composite structure is
mostly determined by the properties of the fibers, and the effect of the matrix
material is so small that it is often neglected. However, it is important to note that
matrix varieties and their characteristics can still have some effect on the Young’s
modulus of an FRP composite. In this context, the main task of resin is to transfer
loads between fibers.

In terms of vibration performance, fiber-reinforced composites (FRP) can
achieve a stiffness per unit weight that is 5 times that of aluminum alloys, and
their damping properties can be 100 times better. The property of energy
absorption significantly increases the impact resistance of fiberglass. Moreover,
structural defects such as cracks, voids, and delamination contribute to a
significant increase in damping in modern FRP composites. In the case of solid
metal structures, the damping properties are significantly lower and can be
improved only by increasing the weight of the material. In hybrid FRP
composites, vibration characteristics such as damping capacity and dynamic
modulus additionally depend on the order of stacking layers and fiber orientation.

The durability and integrity of glass fiber reinforced FRP composites can
change under various environmental conditions, such as temperature, humidity,
UV radiation, or chemical exposures, including salt water or alkaline
environments. All elements of fiberglass structures are exposed to these factors
during operation, but their destruction is determined by specific conditions of use.
More extreme operating conditions, such as freeze-thaw cycles or high humidity
cycles, can significantly affect material properties.

At low temperatures, fiberglass can change its properties from plastic to
brittle, which leads to the appearance of microcracks. As soon as these cracks
form, the strength of the composite structure decreases. At the same time, high
temperatures can cause softening of the material and deterioration of its main

characteristics.
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Sanchez Q. and other researchers [ 18] studied the effect of external factors,
such as UV radiation, hygrothermal conditions, aging due to thermal shocks and
exposure to salt solution, on the thermal performance of glass fiber (GF)-
reinforced polyetherimide (PEI) composites. The experiment was carried out in
different temperature conditions with a humidity of 90% for 60 days in sea water.
It has been found that the moisture absorption of a PEl/glass fiber laminate is
often dependent on temperature and humidity. The moisture absorption curve
showed a linear increase in the weight of the material as a function of time, with
a maximum moisture absorption of approximately 0.18% observed on day 25. In
addition, Mohamed M. and colleagues [14] investigated the effect of temperature
on the mechanical properties of epoxy-based fiberglass composite tubular
specimens, focusing on the effects of moisture penetration and sensitivity to this
factor. They immersed the GF composite tubes in distilled water at 20°C and
50°C. The tests lasted for 4 months and it was found that at 20°C there was a mass
accumulation of 0.23%, while at 50°C it was 0.29%.

The thermal conductivity of glass fiber composites depends on several
factors, among which the most important are the type of fiber and matrix, the
volume ratio of the fiber, the properties of the fiber itself, the control of heat flow,
the interaction between the matrix and fibers, and the ambient temperature. In
order to accurately determine the temperature distribution in fiberglass structures,
it 1s necessary to know the thermal conductivity of the medium, since minimal
thermal expansion is important for any engineering material. The study of the
thermal characteristics of fiberglass composites plays a crucial role in ensuring
their functionality, therefore, ideal thermal properties are necessary for the
optimal operation of fiberglass.

Conclusions. The raw material base for obtaining fiberglass and carbon
fiber was analyzed. The advantages and disadvantages of the most common raw
materials are indicated, and the features of technological operations for obtaining

composite materials based on them are indicated. The essence of the main

International Scientific Journal “Internauka’ https://doi.org/10.25313/2520-2057-2024-10




International Scientific Journal “Internauka’ https://doi.org/10.25313/2520-2057-2024-10

technological operations in the production of composite materials from fiberglass
is described. A schematic representation of the industrial stages of production of
fiberglass is given. The results of previous scientists in the study of the mechanical
properties of fiberglass are presented, and ways to improve the properties of the
finished composite material are indicated. Production methods, properties
(mechanical, vibrational, environmental, tribological and thermal), advantages,
limitations and main areas of application of composites based on glass fiber and
carbon fiber are considered in detail. The main issues that require resolution
involve controlling the uniform distribution of resin and reinforcing material in
the mold, preventing defects such as air bubbles or uneven compaction, and
minimizing shrinkage during cooling. To enhance the quality of the final products,
special vacuum forming methods and additional drying of composites before final
polymerization are applied. Additionally, an important aspect remains the
investigation of the compatibility of polymer matrices with different types of
reinforcing fibers, which will allow for further improvement of the mechanical
and operational characteristics of the finished products. Furthermore, ongoing
research is focused on optimizing the curing process to ensure better adhesion
between the polymer matrix and reinforcement fibers, which can significantly
enhance the structural integrity of the composite materials. Innovations in resin
formulations, as well as the development of advanced reinforcement techniques,
are also being explored to improve the thermal stability and durability of the
products under extreme conditions. The integration of nanomaterials into
composite structures is another promising area, offering potential improvements
in strength-to-weight ratios, corrosion resistance, and overall longevity of the
components. These advancements aim to meet the growing demands of industries
such as aerospace, automotive, and construction, where high-performance

materials are critical for efficiency and safety.
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