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3.1 Introduction

A composite material is created by combining several substances to create a substance

that has properties that are superior to those of the constituent substances

(Dagdag et al., 2019; Hsissou, Abbout et al., 2021; Khalil et al., 2013). Reinforcement

arrangements, which are composite materials embedded in a matrix, is now a fre-

quently used term (Dagdag et al., 2020; Hsissou et al., 2020). The cohesion and orien-

tation of the load are guaranteed by the matrix. Furthermore, it is possible to transmit

the load with the stresses that its composite is experiencing. The resultant materials

are frequently anisotropic and very heterogeneous (Amrollahi et al., 2019; Hsissou

et al., 2019; Le Guen et al., 2016; Rod et al., 2019). The parameters that can affect the

qualities of the composite include the kind of matrix and charge, charge form and pro-

portion, interface quality, and production method (Asim et al., 2018; Khalil et al.,

2011; Venkateshwaran & Elayaperumal, 2010). The matrix and reinforcement can be

composed of metals, ceramic, or plastic, which opens up a wide range of possible

combinations (Chen & Gao, 2019; Cheng et al., 2020; Devnani & Sinha, 2019; Li

et al., 2018). The composite material typically consists of a continuous phase as well

as one or more discontinuous phases. The composite is considered as a hybrid when it

has many discontinuous stages of various types (Ahmadijokani et al., 2020; Arabpour

et al., 2020; Dong et al., 2019; Li et al., 2018). The continuous phase is referred to as

the matrix, and the discontinuous phase is known as the reinforcement or reinforcing

material. Components with comparable mechanical and physical properties are com-

bined to create composite materials (Baek et al., 2020; De et al., 2020). The mechani-

cal and thermal properties can be enhanced by adding reinforcements with significant

modularity and excellent tensile strength to a polymer matrix (Das & Tiwari, 2019;

Datsyuk et al., 2020; El Gouri et al., 2009; Hsissou & El Harfi, 2018; Hsissou, Bekhta

et al., 2017; Hsissoum, Benassaoui et al., 2017; Hsissou, El Bouchti et al., 2017;

Hsissou, Bekhta, & El Harfi, 2018; Hsissou, Bekhta & Elharfi, Benzidia, et al., 2018).

The benefit of composites with a polymer matrix overmetals is the method of
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manufacture, which facilitates the fabrication of parts with complicated geometries

and lower densities, reducing fuel consumption (for aeroplanes and vehicles), increas-

ing speeds in competitive sport, or extending the range and payload of missiles (in

transport) (Tarhini & Tehrani-Bagha, 2019; Vaggar & Kamate, 2019; Wu & Drzal,

2016; Zhang et al., 2019). These composite materials have an impact on a variety of

application fields, including packaging, automotive, gentle structures, structural engi-

neering, aviation, sports, biomedical, thermal-mechanical components, and aerospace.

The matrix might be made of an elastomer, thermoplastic, or thermosetting mate-

rial. The matrix links the reinforcing fibers, disperses the constraints, provides chemi-

cal resistance for the structure, and gives the finished product the desired shape

(Arabpour et al., 2020; Zheng et al., 2019). The function that the composite material

is intended to serve determines the matrix that is employed. The thermoplastic matri-

ces’ linear chains are malleable while they are still in the melting process. In the

majority of industrial processes, thermoplastic matrices are heated, after which the fin-

ished product is molded utilizing injection, extrusion, or thermoforming processes and

is then cooled to maintain its shape. This procedure is reversible. The processing of

these materials should be easier and quicker because thermoplastics completely

respond to high-molecular-weight resins that do not conduct chemical reactions during

curing. Thermoplastics can be thermoformed and consolidated in a matter of minutes

(or even seconds), whereas thermosets need lengthy cures (hours) to allow for the

chemical reactions that create molecular weight and crosslinking. Due to the thermo-

plastics’ complete reaction, they do not contain any tack, making the prepreg stiff and

board-like. Thermoplastics are available in a wide range of forms today, each with a

distinctive set of fascinating characteristics. They can be manufactured as transparent

as glass, as stiff as metal and concrete, or as flexible as rubber to be used in a range of

goods. They produce excellent thermal and electrical insulators, have good corrosion

resistance, and ’do not rust. Fig. 3.1 shows formulation of composite materials on the

basis of reinforcements, additives, and matrices (Hsissou, Seghiri et al., 2021). The

following subcategories of thermoplastic polymers are also possible: (1) commodity or

all-purpose plastics such acrylonitrile butadiene styrene resin, polystyrene, polypropyl-

ene (PP), and polyethylene. Polyamide, polyethylene terephthalate, polycarbonate,

polyetheretherketone (PEEK), polyetherimide, polyethersulfone (PES), and polypheny-

lene sulfide are examples of high performance or engineering plastics (Park & Heo,

2014; Rajak et al., 2019; Yao et al., 2018). Thermoplastics are an excellent material

for many applications due to their light weight, great mechanical strength, and resil-

ience to environmental factors.

3.2 Physical properties

Physical characteristics are significant; one must understand the necessary length,

width, and weight for a specified part or product. For instance, it must be light

enough to manage accurately when utilized by a surgeon because lighter materials

make material implementation considerably simpler and less dangerous (McKeen,
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2014). Due to the high transportation costs associated with high-density values,

density can also be a very crucial design component. By multiplying mechanical

qualities by the appropriate density, density is frequently used to calculate “particu-

lar attributes”. Furthermore, these precise characteristics help one understand the

inherent strength of the building they intend to design (Van de Velde & Kiekens,

2002).

Mohammad Farsi et al. studied the properties of biodegradable composites using

Pebax thermoplastic elastomer and lignocellulose nanofibers (LCNFs). For this,

LCNFs at various levels of 0%, 1%, 3%, and 5% were taken into consideration.

Benzyl alcohol was used to prepare the LCNFs before they were combined with

Pebax. The findings of the physical characteristics test showed that adding addi-

tional LCNF reduced the thickness swelling and water absorption. Table 3.1 dis-

plays the polyether-b amide composites reinforced with LCNF after a 24-hour

soaking in water in terms of water absorption and swelling in thickness. The pure

polymers without LCNF was tested, and this resulted in maximum water absorp-

tion. The water absorption reduced when the LCNF was increased to 3%, but it

slightly increased when the LCNF loading was raised from 3% to 5%. The polymer

Figure 3.1 Formulation of composite materials on the basis of reinforcements, additives, and

matrices.

Table 3.1 24 hours water absorption and thickness swelling of LCNF/Pebax

nanocomposites (Farsi et al., 2018).

Lignocellulose

nanofibers (%)

Water absorption

(24 h) (%)

Thickness swelling

(24 h) (%)

0 1.75 2.94

1 1.63 3.01

3 0.88 2.63

5 0.95 2.22
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specimens 1% of LCNF had the largest thickness swelling (3.01%), and as LCNF

loading increased, the thickness swelling decreased until it reached its lowest value

(2.22%) at 5% of LCNF (Farsi et al., 2018).

Helen et al. analyzed the usage of polyvinyl alcohol (PVA) for direct methanol

fuel cells, which involved creating a membrane out of PVA, zirconium phosphate,

and the cesium salt of heteropoly acid. 10 wt.% of zirconium phosphate and

30 wt.% of orthophosphoric acid were mixed in a 10 wt.% PVA solution with

water, and then the mixture was stirred at 343K for 8 hours to make the film. The

PVA-based membrane was subjected to a water absorption test by being submerged

in deionized water for 2 hours; the results showed that the PVA-ZrP-Cs1-SWA

hybrid membrane absorbed roughly 240% more water than the PVA-ZrP-Cs2-SWA

hybrid membrane. Studying the impact of crosslinking on the swelling degree

revealed that the swelling degree ranged between 68% and 76%, and films contain-

ing a greater content of PVA indicate a greater swelling degree. Crosslinking was

accomplished by soaking the membrane in 0.5 weight by volume% TMC/hexane.

Studying the impact of glyoxal crosslinking upon composite swelling power

revealed that swelling power decreased with crosslinking from plain PVA to cross-

linked PVA from 105.6% to 78.3%, and that the swelling degree of crosslinked

MFC-PVA was found to be 75.1% (Helen et al., 2006). According to research by

Abdulkhani et al. on water absorption qualities, cellulose/PVA film has a greater

water absorption rate than cellulosic film, ranging from 73% to 78% compared to

33% to 42% for cellulosic film. This difference is likely caused by the presence of

-OH (Abdulkhani et al., 2013). Tian et al. investigated how starch affected the

amount of water that a PVA blended with starch film absorbed. The extent of crys-

tallinity of the PVA component reduced with an increase in starch, as did the water

intake at equilibrium. The water intake of the resultant blends at equilibrium

increased with an increase in RH (Tian et al., 2017). Amorphous or semicrystalline

polymers are both possible. Regular repeating units in semicrystalline polymers

enable the chains to fold into crystallites, which are dense areas. In comparison to

an amorphous counterpart, they serve as crosslinks to provide the polymer better

tensile strengths and greater modulus. Semicrystalline polymers nevertheless con-

tain amorphous regions since no polymer can fully organize into a totally crystalline

substance (Middleton & Tipton, 2000). Depending on the stereochemistry and ther-

mal properties, PLA can either be amorphous or semicrystalline in the solid state.

The Tg establishes the highest use temperature for amorphous PLAs in the majority

of industrial applications. The Tg (58�C) and Tm (130�C�230�C, based on struc-

ture) of semicrystalline PLAs are crucial for defining the use of temperatures for

various applications. The overall optical composition, fundamental structure, ther-

mal properties, and Mw have a significant impact on these two transitions, Tg and

Tm. Amorphous PLAs behave as a viscous fluid when heated above Tg, when they

change from glassy to rubbery. When PLA is cooled to its transition temperature,

which is around 45�C, it begins to behave like glass and creeps. PLA only exhibits

brittle polymer behavior below this temperature (Henton et al., 2005). Siti Nikmatin

et al. investigated the impact of a nanoparticle-sized rattan filler on the mechanical,

thermal, and physical characteristics of the composite. Considerations were neat PP,
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PP mixed with 5 wt.% rattan nanoparticle (PP/R5), and PP mixed with 5 wt.% glass

fiber (PP/FG5). Particle size analysis, morphology, X-ray diffraction, thermal

inspection, and mechanical testing were done to evaluate performance. In PP/R5,

the highest level of crystallinity was found. Comparing PP and PP/FG5, it was

found that PP/R5 displayed the highest level of crystallinity. The PP/surface R5

morphology was generally well distributed and therefore superior to the other mate-

rials taken into consideration. This is supported by the fact that PP/R5 had the

greatest average Rockwell hardness (Nikmatin, 2017).

3.3 Thermal properties

Using Pebax thermoplastic elastomer and LCNFs, Mohammad Farsi and collea-

gues investigated the characteristics of biodegradable composites (LCNFs).

LCNFs at varied levels of 0%, 1%, 3%, and 5% were considered for this. Before

being mixed with Pebax, the LCNFs were prepared in benzyl alcohol. As the con-

tent of LCNF fluctuated, there was no discernible pattern in the variations in

enthalpy. The temperature of crystallization increased as the LCNF content was

raised to 5%. Glass transition temperature (Tg) dropped when LCNF content grew

to 3%; however, Tg increased with the addition of more LCNFs. Peaks at 1740

cm21 were visible in the infrared spectra produced by the Fourier transform,

which indicated the presence of polyamide bonds (Farsi et al., 2018). R. Mahesh

Kumar et al. had done thermal research on thermoplastic rubber (TPR) and its

composites. TPR is a substance that exhibits a thermoplastic character above its

melting point and has elastomeric conductivity within its specified temperature

range without cross-linking during manufacture. Being the most effective filler

particle in the composite, PTFE particles are used in high-temperature applica-

tions. Injection molding techniques were used to create samples of 100% TPR and

10%, 20%, and 100% mixed specimens of PTFE and TPR. Based on test results,

it is clear that composites with a PTFE filler exhibit strong heat conductivities.

The thermogravimetric analysis (TGA)-obtained thermal characteristics graphs

show that PTFE particle-reinforced composites made of TPR polymers have con-

siderably improved thermal properties (Thermal Properties of Thermoplastic

Rubber TPR Reinforced with Polytetrafluroethylene PTFE Particle Polymer

Composite, 2019). Anjum Saleem et al. used thermoplastic polymers, such as

PEEK and PES, which were melt-blended with carbon fibers (CFs) to create com-

posites. The mechanical, thermal, and electrical characteristics of these compo-

sites were examined. Differential scanning calorimetry (DSC) and TGA

measurements of thermal characteristics were made. These techniques aid in

understanding how fiber composition and fiber-matrix adhesion in composites

affect the final product. Because CFs make composites electrically and thermally

conductive, these properties were also investigated in the composites. Because of

the strong link between the matrix and the reinforcement, DSC thermograms

revealed that the inclusion of fillers has reduced melting peaks. Exothermic peaks
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for PEEK/CF indicate cold crystallization. The DSC curve steepens at a temperature

around 213�C, signaling the impending glass transition temperature (Saleem et al.,

2007). By using CNFs as a nanofiller and thermoplastic starch as a nanocomposite,

Kaushik et al. created biodegradable nanocomposites with three distinct CNF

loadings: 5, 10, and 15 wt.%. The CNFs mentioned in their paper were recovered

from wheat straw using a mixture of mechanical, chemical (alkali and acid hydroly-

sis and bleaching), and steam explosion (homogenization). Researchers looked at

the produced nanocomposites’ morphological, structural, mechanical, thermal, and

moisture retaining characteristics. Using the use of transmission electron micros-

copy (TEM), the nanoscale dimensions of CNFs were examined. The results

showed that the fibers had an agglomeration propensity and a diameter between

10 and 60 nm. Once the loading reached 10 wt.%, the barrier property started to

deteriorate and continued to do so as the CNF concentration rose. The nanocompo-

site’s CNF fiber aggregation was blamed for this. TGA and DSC were used to

examine the thermal characteristics of nanocomposites. The connection between

glycerol and CNF is revealed by the thermal property investigation. The TGA data

revealed that the initial degradation temperature remained constant till the concen-

tration of CNF-10 weight% was achieved, after which the temperature decreased in

comparison to pure starch. They offered two potential explanations for this decline:

(1) the decreased flexibility of branching amylopectin caused by nanocrystalline

cellulose and (2) the buildup of the plasticizer (glycerol) on the CNF surface

(Kaushik et al., 2010). It is well investigated how adding nanofillers like clay or

nanocellulose might improve the performance of biocompatible polymers like poly-

caprolactone (PCL). Unaltered cellulose nanowhiskers (CNWr) and poly-ester

bonded CNWr (CNWr-g-PCL) were used to create PCL-based nanocomposites at

three different concentrations in the PCL matrix: 2, 4, and 8 wt.% each. Ramie

fibers were hydrolyzed in alkaline and acid to produce CNWr. Lastly, the nanocom-

posites were created by melt mixing PCL and the nanofillers at 120�C. The melting

and crystallization properties of the nanocomposites using CNWr as nanofiller did

not vary significantly. The concentration of CNWr-g-PCL rose along with a small

rise in crystallization temperature. The produced nanocomposite’s thermomechani-

cal characteristics were significantly enhanced by the grafted nanofiller (Goffin,

2011). Clay-catalyzed carbonaceous char and clay polystyrene nanocomposites with

reinforced char were effectively created by Morgan et al. in 2002. The char by clay

enforcement, according to them, has reduced the flammability of the polystyrene

nanocomposites. Among the 0%, 2%, 5%, and 10% mass fractions employed in this

investigation, the mass fraction of clay loading at 5% was in this instance the best

percentage to be loaded for enhancing the heat release rates (Morgan, 2002).

Multiwalled carbon nanotubes were found to improve the thermal stability of poly-

amide 12 according to Yuan et al. It was discovered that neat polyamide 12 under-

went two stages of disintegration at 443�C and 462�C. The 1% loading of carbon

nanotubes stabilized the polymer matrix compared to the starting stage of degrada-

tion because the carbon nanotube network successfully transferred heat energy

between of polymer chains and carbon nanotube, preventing chemical disintegration

of the polyamide 12 (Yuan, 2016).
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3.4 Mechanical properties

Mohammad Farsi and colleagues investigated the characteristics of a biodegradable

composite made of LCNFs and Pebax thermoplastic elastomer (LCNFs). LCNFs at

various levels of 0%, 1%, 3%, and 5 were taken into account for this. The LCNFs

were prepared in benzyl alcohol and then mixed with Pebax. In comparison to samples

without LCNFs, the tensile strength, modulus, and impact strength of the polymer were

raised by adding LCNFs. In comparison to samples lacking LCNFs, the tensile modu-

lus of the samples dramatically increases as the concentration of LCNF increases from

1% to 5%. Once the content of LCNF was raised to 5%, the greatest modulus level

(27.4 MPa) had been attained. Also, the average reduced from 24.3 to 23.34 MPa

when the concentration of LCNF went from 1% to 3%, although the variance analysis

found that this decrease was not statistically significant. The tensile strength was signif-

icantly affected by additional LCNF addition upto 5%, with 5% loading of LCNFs,

yielding the maximum tensile strength. The outcomes demonstrated how LCNFs

improved the polymer�LCNF matrix interactions (Farsi et al., 2018).

Anjum Saleem et al. created composites using melt-blended PEEK and PES ther-

moplastic polymers with CFs. They looked at the mechanical, thermal, and electrical

characteristics of these composites. The addition of CFs improved the mechanical

characteristics that are described in terms of storage modulus, loss, and damping. The

storage modulus significantly increased as the filler content increased. The fillers’

ability to facilitate stress transmission was the cause of this. The lower and higher tem-

peratures of the loss modulus peaks indicated a better filler-matrix adhesion (Saleem

et al., 2007). Microfibrillated cellulose was used as reinforcement in a composite

made of PVA by Lu et al. After hours of stirring at 95�C, while adding increasing

amounts of microfibrillated cellulose (1, 5, 10, and 15 wt.%), the mixture was allowed

to cool to room temperature. Tensile strength and Young’s modulus were shown to

rise as MFC content increased up to 10 wt.%, but it decreases as the MFC level

increases. At a 10 wt.% MFC concentration, the composite film’s Young’s modulus

increased by 40% (Lu et al., 2008). Natalia Herrera et al. focused on the increase in

compatibility and promoting nanofibrillation of fibers during melt compounding of

thermoplastic biocomposites, and for this, chemical wood cellulose fiber modification

is carried out. Two techniques were used for the grafting: the conventional bulk

method and a novel technique that used acetic acid (AcOH) as the reaction solvent to

enlarge the fiber structure during grafting. The use of AcOH as a solubilizing agent

led to grafts that were highly dense both inside the nanostructure and across the vol-

ume of the HC wood cellulose fibers. As a result, it was found that the defibrillation

of fibers into CNF during compounding was more apparent and that the CNF was dis-

tributed more evenly throughout the thermoplastic PCL matrix. Results show that with

the addition of just 5 wt.% of fibers, the PCL’s Young’s modulus, strength, and tough-

ness were all increased by over 60% (Herrera et al., 2020). Mechanical properties of

lactic acid-based polymers can be very diverse, ranging from flexible and softer plas-

tics to hard and extremely durable materials. Semicrystalline PLA is preferred over

amorphous polymers when higher mechanical properties are desired. Semicrystalline
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PLA has an approximate tensile modulus of 3 GPa, a flexural modulus of 5 GPa, a

flexural strength of 100 MPa, and an approximated breaking elongation of 4%

(Södergård & Stolt, 2002).

Sonker et al. created a PVA-based crosslinked composite with tungsten disulfide

nanotube nanoparticle reinforcement and structural development by glutaric acid (GA)

single-walled nano tubes (SWNTs). In order to add reinforcement, a SWNT was added

to each of the three kinds of PVA films that were created: plain PVA, thermally cross-

linked PVA (TH-CL-PVA), and GA crosslinked PVA (GA-CL-PVA). Both SWNT-

TH-CL-PVA and SWNT-GA-CL-PVA exhibit maximum toughness of 85.68 MPa and

maximum tensile strength of 139.9 MPa with a Young’s modulus of 7.1 GPa, respec-

tively (Sonker et al., 2016). A cellulose/PVA biocomposite film that has been pro-

cessed with 1-n-butyl-3-methylimidazolium chloride was created by Abdulkhani et al.

It was discovered that cellulose/PVA film’s tensile strength is lower than that of cellu-

losic film (Abdulkhani et al., 2013). Nanocomposite based on PVA was created by

Roohani et al. and reinforced with cotton linter-derived cellulose whiskers (0, 3, 6, 9,

and 12 wt.% for PVA). According to studies on the tensile strength of nanocomposites

under different relative humidity settings, the tensile modulus of nanocomposite films

rose when the whisker content was raised for each relative humidity level. The tensile

modulus significantly decreased with increase in humidity for a given filler quantity

(Roohani et al., 2008). Nikmatin et al. investigated the influence of the nanoparticle-

sized rattan filler on the mechanical, thermal, and physical parameters of the compos-

ite. All three types of PP—pure PP, PP with 5% rattan nanoparticles, and PP with 5%

glass fiber (PP/FG5)—were considered. PP/FG5 and PP/R5 had greater elasticity and

rupture moduli than the other material, although their tensile properties were compara-

ble. A morphological analysis of the materials under consideration showed that PP/R5

had equally distributed components, the highest average hardness, the highest maxi-

mum strain, and the most advantageous ductile behavior (Nikmatin, 2017).

3.5 Conclusion

This chapter gives a general review of the thermoplastic polymer composites’ phys-

ical, thermal, and mechanical properties. These days, thermoplastics are available

in a wide range of shapes, each with a special set of fascinating characteristics.

They can be produced to be transparent like glass, hard like metal and concrete, or

flexible like rubber for use in a range of products. They function admirably as ther-

mal and electrical insulators, have good corrosion resistance, and ’do not rust.

Several studies conducted by a number of researchers are used to discuss physical,

thermal, and mechanical qualities. Because they are lightweight, have high mechan-

ical strength, and are resistant to environmental influences, thermoplastics are a

wonderful material for many applications. These composite materials have an

impact on a variety of applications, including packaging, automotive, light

structures, civil engineering, aviation, sports, biomedicine, thermomechanical

components, and aerospace.
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