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ABSTRACT

Composite materials gain huge interest from researchers due to its advantages and flexibility. Strength and properties that
can be adjusted based on the needs and application is a specific advantage of composite materials. Since these advantages
can be applied in many fields, composite materials often clustered in multifunctional materials. This study aims to lists
and classified the progressive development of multifunctional composite materials that found and already proven can be
applied in many applications. This study also gives data that can be driven to readers from different backgrounds and
used it for further purposes. The results are shown that the progressive development of multifunctional composite
materials not only one step forward in the technical achievements but also the energy and environment-related to human
ecosystems.
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ABSTRAK

Material komposit memperoleh minat yang besar dari para peneliti karena kelebihan dan fleksibilitasnya. Kekuatan dan
sifat yang dapat disesuaikan berdasarkan kebutuhan dan aplikasi adalah keuntungan spesifik dari bahan komposit.
Karena keuntungan ini dapat diterapkan di banyak bidang, bahan komposit sering dikelompokkan dalam bahan
multifungsi. Kajian ini bertujuan untuk mencantumkan dan mengklasifikasikan perkembangan progresif bahan komposit
multifungsi yang ditemukan dan sudah terbukti dapat diaplikasikan dalam banyak aplikasi. Studi ini juga memberikan
data yang dapat mendorong pembaca dari latar belakang yang berbeda dan menggunakannya untuk tujuan lebih lanjut.
Hasilnya menunjukkan bahwa perkembangan progresif bahan komposit multifungsi tidak hanya satu langkah maju
dalam pencapaian teknis, tetapi juga energi dan lingkungan yang berhubungan dengan ekosistem manusia.

Kata Kunci: Material multi-fungsi; komposit; Coating; Nanomaterial

1. INTRODUCTION

One of the many advantages of composite materials is about flexibility. It can be engineered,
modified, and designed to give more than one enhanced mechanical and physical properties. The outcome of
this research often we can call multifunctional composite materials (MCM). Beside have similar performance
to traditional composite laminated that have high specific strength and stiffness with minimum weight, MCM
has advantages in one or more points compared to the traditional composite structures. For example, by
adding carbon nanotubes (CNTSs) into its matrix composites, the electrical conductivity becomes much higher
compared to the traditional composite laminates. Moreover, in many studies, MCM can enhance more than
one property that can give added value when compared to other systems, such as self-healing system, anti-
microbial effects, sensing technology, and automotive structures [1-4].

The self-healing mechanism by using composite material has been reported by Guadagdo et al. [5].
By using reversible hydrogen bonds generated by a combination of epoxy resin and polyhedral oligomeric
silsesquioxane (POSS) nanocages. These compounds then employed to activate the self-healing mechanism
by using heat. In resin composition, multiwalled carbon nanotubes (MWCNT) were mixed to enhance the
healing efficiency of up to 400%. Moreover, this mechanism also reported can reduce fatigue crack growth
rate of composite laminates that contain multifunctional formulations.

In aerospace technology, a new novel epoxy resin was introduced by Arena et al. [6] that can be
applied in aerospace applications. The epoxy was mixed with rubber-based materials. To increase the
performance of the composite, Carbon nanotubes (CNTs) also embedded into the system to make the layers
suitable for extreme conditions. The CNTs blended with epoxy also increase its electrical properties and
make it electrically conductive. This electrical property can be used in wider applications such as self-health
monitoring during static and dynamic loads [7,8].

This study purposes to analyze multifunctional composite materials from selected resources of a
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reputable journal. This study includes both three major clusters of multifunctional composite materials which
are carbon fiber composites, hybrid composites, and green composites. For the combinational section, this
study is the first time that makes listed and comparison of 3 different composites. As the author's
understanding view, there is still a limited source of a study and research paper that did the same as the
present study, compared to the previous studied that done by the researcher. The work was performed as a
review with a compact analysis from the previous work with important summarized was done about the
development of multifunctional composite materials. The paper also described the manufacturing process and
the results of the multifunctional composite materials with the recent progress on three different clusters of
multifunctional composite materials that mainly developed on a laboratory scale.

2. METHODS

The methods of this study are obtained with the aim to identify the current condition of the academic
resources with regards to multifunctional composite materials. For data availability, a research topic that
focused on the multifunctional composites, and sustainable materials used in composites applications, the
searching is done in 3 different databases which are ScienceDirect, Scopus, and Google Scholar. The
literature reviewed in the present study were used selected papers using three steps: (1) searching the selected
literature by setting the searching the words that have same criteria in the database to identifying the targeted
paper; (2) extracting the important information that showed in the selected paper by reading systematically
from the 3 sections, introduction and conclusion; (3) In the top important papers, the author read thoughtfully
all entire papers.

3. RESULTS

The results of the current screening of the papers are listed and categorized into three sections which
are Carbon fiber composite, Hybrid composite, and Green composite. All three sections can be classified into
multifunctional materials that can be implemented in different applications.

3.1 Carbon Fiber Composites

Carbon fiber composites (CFC) are usually used in aerospace industries as the main structures at the
latest manufacturing process. In the recent development, the applications of CFC are not exclusively in the
aerospace fields but also included in different applications such as automotive, buildings and bridges, blades,
and different sectors. The advantages of the CFC that lightweight, high strength to weight ratio, corrosion
resistance, easy to assembly and can be used in wider temperatures were the reason why CFC is used
although the price is still high [9-13]. The following description of the selected CFC papers is shown and
described.

Forintos and Czigany [7] studied and summarized the multifunctional application of CFRP in
different applications based on its electrical properties. It was reported can be applied in crosslinking,
welding, sensors based CFRP, self-healing, energy, transportation, and industry 4.0. the summarized also
included different fiber such as glass fiber. To increase its electrical properties, conductive nanomaterials
(multi-walled carbon nanotube, carbon black) were inserted and mixed with epoxy resin and then
impregnated into the fiber.

Carbon fiber mixed with graphene nanoplatelet/manganese oxide electrodes that can be applied as
supercapacitor in CFRP multifactional materials was studied and reported by Masouras et al. [14]. Graphene
nanoplates were modified using MnO2 with the sonication method in an organic solvent. The composites
material was prepared for energy storage ability by a combined solution on an aluminum substrate and wet
carbon fiber (CF). The morphology of the graphene composites was characterized by using SEM.
Furthermore, differential scanning calorimetry (DSC) was used to characterize the thermal stability of the
electrolytes. From the DSC output, the promising composites material is confirmed and show stable
condition from the range -40 °C to 140 °C. this result claimed can be applied in various sectors such as
automotive, aerospace, and wearable electronics. To increase the mechanical properties of the composites,
epoxy was inserted using a weight ratio 1:3. The results show that stiffness increased from 11 to 23 GPa and
the strength increase from 87 to 173 MPa.

3.2 Hybrid Composites
A combination of 2 or more conventional material often can create a system or material that has
good properties from each part. A combination of 2 materials does not make one or the new combination can
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be weaker. Hybrid materials can be used as an intermediate combination of materials that compromised
between price and performance. With an affordable budget, the performance of hybrid material can be
beyond the single material. Hybrid materials also already proven can be applied in many fields including
marine applications, electrical components, environmental, catalytic, biological, automotive, space shuttles,
and energy conversion to energy storage [8,15-17].

(A)

e
Figure 1. Combination of CFRP and SPCC (A) double SPCC layers, (B) double CFRP layers, and (C) single
CFRP and SPCC layer.

The studies conducted by Muflikhun et al. [2,18] shows that CFRP combined with steel plate cold
commercial (SPCC) is suitable for use in automotive and building structures. The mechanical properties of
hybrid laminates show beyond the expectation when the CFRP or SPCC used as a single material. The simple
preparation, manufacturing process, and easy to be applied in direct structural parts are the main advantages
of its application. There are 3 different combinations of CFRP and SPCC that have been evaluated as shown
in Figure. 1. Since the highest strength occurred in the CFRP laminates with the direction of the fiber is
longitudinal with fiber orientation, the failure behavior of the fiber also related to the angle of the fiber.
Moreover, adding more SPCC layers can increase the initial stiffness but lower the stiffness in the plastic
region. Hence in Figure. 1 (A), the stiffness is lower compared to Figure. 1 (B) and Figure. 1 (C) when it is
assumed that all CFRP layer is in the longitudinal direction to the loading direction. In the multi-angle and
combinational pattern of the CFRP layer, the stiffness and strength of the laminates can be adjusted. This
condition also became the added value of the hybrid composite compared to metallic materials.

Besides carbon or glass fiber, the research about multifunctional materials also reached natural
components such as wood that combined with resins for different applications. Barletta et al. [19] used
protective layers by dipped it inside a fluidized bed (FB) of wood ad polyphthalamide powders on the
aluminum substrate. The results show that micromechanical and tribological of the coating layers were
significantly improved due to the effect of wooden particles. The additional thermal insulation was achieved
with good adhesion and wear performance. The coating process used the hot-dipping technique implemented
in a fluidized bed of dry materials and followed by wet dipping inside the resin. the study proposed 4
different types of coating (A, B, C, and D) and reference. The results of the different coating processes are
shown in Figure. 2. Although there is no relevant damage or macrocracks appeared, the results show that
coating A and C have less responsive in constant load by scratch test. This condition happened due to the
lack of an intermediate acrylic layer collated between underlying wooden and topcoat. For type B and D, the
results show that the scratch is more accurate and exhibits a stiffer long distance. Moreover, coating B and D
show excellent wear response. This confirmed from the wood-reinforced resin that visually detected (came
out).
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Load  Speed
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Figure 2. Residual pattern images captured from SEM [19].

Zhou et al. [20] studied clay that can be applied in multifunctional membrane technology with
nanostructured. In their study, natural clay minerals can be exfoliated into nanosheets with designed
properties. On a macroscopic scale, the size can be controllable and on a microscopic scale, its structures can
be arranged. The work itself used three approaches of exfoliation and compared six steps assembly which is
casting, coating (dip and spray), vacuum filtration, electrophoretic deposition, and 3D printing. The study
shows that natural clay after manufactured into functional membrane can be applied in chemistry [21],
biology [22], energy [23], and environmental issues [23]. The advantages and disadvantages of using the
different processes are summarized in Figure. 3, where the data are mined from Zhou et al. [20].

—TTT—

[ Simple instruments, shape can be adjusted, I Take long time, coffee ring effect. ]
high conductive properties in nanosheets.

f Simple instruments, Applied for large scale [ Multiple steps. ]
process and productions, less time.

[ Spray coating ]
Applied for large scale process and Difficult to obtained layered structures ]
productions, low dosage, high quality L (hard to prepare).

(uniform) results, fast drying.

[ Vacuum filtration ]

[ Simple preparation, simple process, applied Required additional substrate, speed 3
for 2D nanosheets. during filtration process affect to the
structures, the filtration instrument
affect to the membrane size.

\
[ Electrophoretic deposition ]

Fast process, automation ready, high I Limited thickness, costly. ]
uniformity, high density in coating process,
environmentally-friendly.

[ 3D Printing ]

[ Direct process. I Complex setting instruments and
many parameters need to adjust
before process.

Figure 3. Comparison of manufacturing of clay nanomaterials using different methods.

3.3 Green Composites

In the last couple of decades, scientists have aware of the effect of climate change because of
pollution and environmental destruction because of human activity. One of the effects of high air pollution
and climate change is the rise of global temperature. This condition makes human life became less
comfortable. To against and to reduce global pollution, researchers make a material that has less pollution
and uses natural products in many applications. The composite that used environmentally friendly material is
called green composite [24-29].

The environmentally friendly manufacturing process of composites was informed by Igbal et al.
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[30]that the product can be used as a catalyst in various applications. Laccase assisted grafting were
manufactured with the source material of laccase are obtained from Aspergillus niger that combined with
Saccharomyces cerevisiae as a green catalyst. The product, poly(3-hydroxybutyrate)[P(3HB)] grafted ethyl
cellulose (EC) then characterized using the imagining method, FTIR, and X-ray diffraction (XRD). The study
claimed that the improvement in thermal and mechanical was achieved with the hydrophobic and hydrophilic
properties of the study is far better compared to the other similar products. the study also mentioned the
advantages of the present product compared with the other, such as eco-friendly process, easy to prepare, less
energy used, high added-value, excellent in tensile strength, good mechanical strength, and less harsh
chemical.

Sheikh and Teli [31] used bamboo combined with ZnO nanoparticles in textile materials. The
bamboo-ZnO composites were manufactured by swollen grafted fabric with ZnCl,. After it was prepared,
then the composite materials were characterized and evaluated for antibacterial purposes using gram-positive
and gram-negative bacteria. The results show excellent potential for antibacterial applications where the
eradicating process was found until 40 times of washes. This product also showed good protection against
UV and was suitable for multifunctional textile material. As a unique, the study immobilized ZnO
nanomaterials on acrylic acid grafted bamboo rayon (AA-g-BR) with the further analyzed the efficacy of
modified fabrics.

Bamboo rayon (BR) (3500x)

Figure 4. Images captured from SEM of (a) bamboo rayon, (b) AA-g-BR, and (c) nano ZnO-AA-g-BR. [31]

In Figure. 4 there is evidence of the presence of ZnO nanoparticles in Figure. 4 (c) compared to the
Figure. 4 (a) or (b). the ZnO nanoparticles are visible by dots-like that adhered to the surface of modified
bamboo rayon where the agglomeration of ZnO nanoparticles also clearly observed. Furthermore, the
antibacterial performance of the bamboo composites is shown in Figure. 5 and Figure. 6, where the data are

mined from [31].
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Figure 5. Different ZnCl, concentration in its antibacterial properties of nano ZnO-AA-g-BR.
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The comparison is based on the difference of ZnCl, concentration and the number of washes. The
concentration shows that the efficiency reached when the ratio of ZnCl, 0.5. the bacterial reduction slightly
decreased in E. coli. For the endurance of the material related to the number of washing, the decreasing
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percentages reached 40% after 50 times of washes. This condition shows that the reduction is reached up to
80% and still have n\more than 50% efficiency. The decreasing factor that occurred due to the thinning effect
of nanoparticles after intensive washes.
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Figure. 6 Antibacterial performance of grafted sample (Zno 0.5%).

4. DISCUSSION

The general state in the composite world mentioned that multifunctional composites are placed in
the top priority for engineers and designers to used it. Multifunctional composite is cheaper and simple to be
applied in different situations and conditions [1,32,33]. The present study collected several papers and
selected books related to the multifunctional materials relevant to the present situation. 3 main topics present
in this paper, multifunctional material in carbon fiber (CF) composites, hybrid composites, and green
composites. CF composites are an important material used specifically in the aerospace industries. Parts and
structures of airplanes used CF composite because of its advantages in mass compensations over metallic
materials, strength, corrosion resistance, and higher specific mechanical properties [34].

In hybrid composites, several testing has been done by many researchers to evaluate hybrid
performance using different testing procedures such as Axial test, Flexural test, and ENF test [35,36]. Hybrid
laminates are a unique combination of two or more material, used in many aspects with the benefits from its
parts. Also, by adding nanocomposite into its structures, the higher mechanical properties are achieved with
the addition of its applications such as for mechanical reinforcement, drug delivery, bioactivation, tissue
engineering, and energy storage [8].

Green composites became a hot prospect due to its natural source and recyclable process. Since the
structure of the materials is gathered from nature, the source material is relatively easier to collect. To reduce
pollution as an example, a new green packaging material is developed by many researchers using bio-based
matrices, bio-based nanofillers, and cellulose. Moreover, researchers also developed green foams, bio-based
resin, biopolymers for drug delivery, starch-based bio-composites, and wood-based adhesive [25].

Intensive research of multifunctional composite materials occurred for a couple of decades.
Furthermore, the development of composite materials was done since the medieval era and was determined
by alchemist and scientist that used their knowledge to make colored glass used in religious places [37].
Since that, multifunctional composites and structures are used for different purposes and many applications.
Carbon fiber composites are well known as the “miracle” material that changed technology and structures of
airplanes. In the recent typed of aircraft, more composite materials are used (>25% in Airbus 380, and >50%
in Boeing 787) [38]. A study %about Boeing 787 fuel efficiency shows that by reducing 20% of total weight,
resulted in 10% to 12% fuel can be saved [39]. Although the advantages of carbon fiber composites show the
huge potential applications in the futures, recent conditions show that the high price of it still became a factor
barrier that carbon composite has limited applications. Another factor to be considered is the recycled process
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and environmental issue related to carbon fiber composites [40,41].

Since carbon fiber composites have a limitation, researchers tend to make a solution by combining
carbon fiber composite with existing material (hybrid laminates) such as metal or natural-based material to
reduce the cost and easy to recycle. The hybrid laminates have several advantages; cost saving with the
performance beyond metal-based or natural-based materials, recyclable, failure predictable, max. strain
beyond the carbon fiber composite, and easy to manufacture [35,36,42]. Although hybrid laminates have
several advantages, strength, weight ratio, and market availability still became a challenge to hybrid
laminates [43,44].

On the other side, the applications of multifunctional composite materials also attract the attention of
experts and researchers in terms of sustainability and environmental issue. Many papers published show how
to recycle carbon fiber and hybrid materials using different methods. The complexity and multi-step
recycling processes create a high cost and spent more time [45-47]. To reduce the domino effect of these
processes, scientists try to make a multifunctional composite material based on green technology and used
green materials (natural-based materials). Natural fibers have less competitive points compared to carbon
fiber such as low mechanical strength, low thermal stability, and high degradation [48]. However, natural
fiber still became a better choice due to its flexibility, easy to manufacture, and machinable [49], stable and
available to combine with other materials and fibers [50,51], have a better life cycle assessment [52], and
low-cost recycling process [53].

For instance, the comparison factor between carbon fiber composites, hybrid composites, and
natural-based composites can be seen in Figure. 7. The 7 aspects are used to compare the three different types
of fiber composites. The most prominent aspect scored with 3 and the less prominent scored 1. It is shown
that in term of strength, carbon fiber is the best choice but have less competitive for cost and recycling
process. Hybrid composites show the average aspect that became bridge materials that can be used by
researchers, designers, and engineers if they have to deal with the cost without compromising performance.
For natural fiber composites, plenty of resources from nature became beneficial factors with high recycling
factors and flexibility.

Strength
3

Flexibility and

Affordability Weight ratio

Manufacturing

Cost
process
Corrosive ecycling
resistance process
=== (Carbon composites Hybrid composites === Natural composite

Figure 7. Comparison of carbon fiber composites, hybrid composites, and natural fiber composites in
different aspects.
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5. CONCLUSION

The present paper shows that many signs of progress have been made in multifunctional material that
fabricated and manufactured from different methods and techniques. Each technique has its uniqueness and
has specific purposes. Besides the conventional technique, there is also a progressive technique based on a
green technique and has characteristics with less harm to the environment (environmentally friendly). The
progressive development of the multifunctional materials gained interest by many researchers due to the
needs of the materials that can be applied in many aspects. Not only in a specific aspect. The advantages of
multifunctional material are about flexibility. Where the application is a wider and only used single product,
the cost, time, energy, and resource materials can be minimized. Make multifunctional material is potential
and compulsory in the near future. At now a day, the applications are already covered in aerospace,
automotive, chemical, biological, and physical applications, energy development and harvest, transportation
sectors, educational and research tools, buildings and structures, and many more. Besides, it is interesting to
observe that a material that previously only looked and used in a single purpose, can be enlarged and adjusted
to use in different applications, and still give its strong performance. By adding simple modifications, the
multifunctional materials also can reach their limits and give a huge added value to the different applications.
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