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Abstract 

Commercially used fiber reinforced polymer composites mostly comprise of glass fibers as the 

reinforcement and epoxy as the matrix (epoxy based GFRPs). These GFRPs have high specific 

strength and stiffness and are used in various structural applications. However, safe operation of 

structures for the required lifetime demands not only good static mechanical properties but also 

high impact strength. For this reason, the current research in this field of work focuses on 

improvement in impact strength of epoxy based GFRPs. Epoxy toughening has remained an 

interesting and challenging topic. Significant efforts have been paid on epoxy-based systems 

toughened by reinforcement of micrometre-sized liquid rubbers, core-shell rubber particles, 

thermoplastic particles etc. Addition of rubbery toughening agents provides impressive 

toughening effect but tends to cause severe deterioration in strength and processing difficulties 

due to high viscosity. Further, introduction of thermoplastic particles typically gives a moderate 

toughening effect only. Nanoclay reinforcement to glass fiber reinforced epoxy based composite 

system shows substantial improvements in static mechanical properties (tensile properties, 

flexural properties, microhardness etc.) but only marginal improvements in impact strength of 

the resulting GFRP nanocomposite. So, the impact behaviour of GFRP nanocomposites is still an 

area of concern. In the present research, it was envisaged that incorporation of thermoplastic 

fillers as an additional second filler along with nanoclay as the first filler can considerably 

increase the impact strength and tensile properties of epoxy based GFRPs. Thus, the research 

work was designed to process epoxy based GFRPs through addition of nanoclay (nano-filler) and 

thermoplastic fibers (micro-filler) using vacuum assisted hand lay-up technique. Nanoclay was 

added in a fixed loading of 2 phr in GFRPs. Nanoclay concentration was kept low in order to 

avoid abrupt increase in viscosity of resulting GFRPs on addition of thermoplastic fibers and 

nanoclay. Three different thermoplastic fibers viz. (i) ultra high molecular weight polyethylene 

fiber (loading: 0.125–0.500 phr), para-aramid fibers (0.50–2.00 phr), and Inviya (spandex) fibers 

(0.50–2.00 phr) were used separately as the micro-filler in GFRPs. A major challenge was to 

improve the compatibility of thermoplastic fibers with other constituents of epoxy based GFRPs. 

Surface treatment (compatibilization) of the nano-filler was done with silane agent (silanization) 

and that of thermoplastic micro-fillers was done using various methods viz. potassium 

permanganate treatment for UHMWPE fibers, phosphoric acid treatment for para-aramid and 

Inviya fibers,  silanization with 3-aminopropyltriethoxy silane agent, UV-assisted maleic 
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anhydride grafting (MAH) grafting, and/or a combination of these treatments. For MAH grafting 

of thermoplastic fibers, the optimum treatment time (for exposure of MAH-acetone solution 

containing thermoplastic fibers to UV radiations) was determined to be 4.5 h, 02 h, and 4.5 h for 

UHMWPE fibers, para-aramid fibers, and Inviya fibers respectively.  

Processing of multi-scale filler reinforced epoxy GFRPs was done using a series of processing 

steps including homogenization, probe ultrasonication etc. Characterization techniques including 

XRD and TEM analysis confirmed the dispersion of nanoclay platelets at a nano-level in 

developed GFRPs.  

Three different types of montmorillonite nanoclays viz. (i) CA, (ii) IE, and (iii) PG were 

separately reinforced in the reference epoxy based GFRP to investigate the effect on Izod impact 

strength and tensile properties of resulting GFRPs. PG nanoclay showed the best combination of 

mechanical properties, and thus, was chosen as the nano-filler for the present research. PG 

nanoclay was subjected to silanization for further improvement in mechanical properties of 

GFRPs containing the nanoclay. For silanization, silane agent concentration was varied in the 

range of 100–400% as a proportion of nanoclay loading (1X, 2X, 3X, and 4X). Silanization was 

confirmed through FTIR analysis. GFRPs reinforced with 2 phr of 3X silanized nanoclay of ‘no-

washing’ case (3X2PGAW*C) showed maximum improvement of 27% and 16% in Izod impact 

strength and tensile strength respectively over the reference sample.  

Addition of pristine thermoplastic polymeric fibers to GFRP nanocomposite system resulted in 

deterioration of mechanical properties. Pristine thermoplastic fibers did not interact effectively 

with other constituents of GFRP system due to lack of polar functional groups owing to 

chemically inert and mechanically smooth surface. To resolve this issue, thermoplastic fibers 

were subjected to surface treatment. Surface modification of thermoplastic fibers improved their 

interfacial adhesion with other constituents of GFRP based nanocomposite system and resulted 

in significant improvements in impact strength of resulting nanocomposites. Epoxy based GFRPs 

(containing 2 phr of silanized nanoclay) reinforced with 0.250 phr of treated UHMWPE fibers 

(potassium permanganate treatment followed by silanization) showed 30% and 17% 

improvement in impact strength and tensile strength respectively over the reference composite. 

Epoxy based GFRPs (containing 2 phr of silanized nanoclay) reinforced with 1.00 phr of MAH 

treated para-aramid fibers showed 34% and 6% improvement in impact strength and tensile 

strength respectively over the reference composite. Epoxy based GFRPs (containing 2 phr of 
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silanized nanoclay) reinforced with 1.50 phr of treated Inviya fibers (phosphoric acid treatment 

followed by silanization) showed 150% and 4% improvement in impact strength and tensile 

strength respectively over the reference composite. 

These newly developed multi-scale filler reinforced epoxy GFRPs displaying significantly 

improved impact strength along with good tensile properties can be utilized in high impact 

applications where safety is a critical prerequisite like dashboards, bumpers, and other structural 

components of automobiles. In addition to this, the newly developed GFRPs can be used in 

aviation parts (radome, stabilizers etc.), marine industry (decks, hulls etc.), and sports industry 

(vault poles, archery bows etc.). 
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1.  CA Cloisite®15A nanoclay 

2.  IE Nanomer® I.28E nanoclay 
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4.  1XPGAW 1X silane treated Nanomer® PGV with acetone washing(1X 

means that silane agent amount for surface treatment of nanoclay 

was 100% as proportion of nanoclay loading) 

5.  2XPGAW 2X silane treated Nanomer® PGV with acetone washing 

6.  3XPGAW 3X silane treated Nanomer® PGV with acetone washing 
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8.  1XPGAW* 1X silane treated Nanomer® PGV without acetone washing 
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10.  3XPGAW* (PG* 
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13.  2CAC GFRP nanocomposite reinforced with 2 phr of Cloisite®15A 

14.  2IEC GFRP nanocomposite reinforced with 2 phr of Nanomer® I.28E 
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17.  2X2PGAWC GFRP nanocomposite reinforced with 2 phr of 2X silanized 
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20.  1X2PGAW*C GFRP nanocomposite reinforced with 2 phr of 1X silanized 
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Nanomer® PGV without acetone washing 
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(2PG*C designation 
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reinforced epoxy 

based GFRPs) 

GFRP nanocomposite reinforced with 2 phr of 3X silanized 

Nanomer® PGV without acetone washing 

23.  4X2PGAW*C GFRC nanocomposite reinforced with 2 phr of 4X silanized 

Nanomer® PGV without acetone washing 

24.  T1 Potassium permanganate treatment 
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25.  T2 Silanization with 3-aminopropyltriethoxy silane 

26.  T3 Potassium permanganate treatment followed by silanization 

27.  T4 UV-assisted MAH grafting 

28.  T5 Phosphoric acid treatment 

29.  T6 Phosphoric acid treatment followed by silanization 

30.  2PG*0.125UC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.125 phr of pristine UHMWPE fibers 

31.  2PG*0.250UC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.250 phr of pristine UHMWPE fibers 

32.  2PG*0.375UC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.375 phr of pristine UHMWPE fibers 

33.  2PG*0.500UC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.500 phr of pristine UHMWPE fibers 

34.  2PG*0.25UPC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.250 phr of UHMWPE fibers treated with potassium 

permanganate solution 

35.  2PG*0.25UAC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.250 phr of UHMWPE fibers silanized with 3-

aminopropyltriethoxy silane agent 

36.  2PG*0.25UPAC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.250 phr of UHMWPE fibers treated with potassium 

permanganate solution followed by silanization with  3-

aminopropyltriethoxy silane agent 

37.  2PG*0.25UMC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.250 phr of UHMWPE fibers after UV-assisted MAH 

grafting 

38.  2PG*0.5PC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.50 phr of pristine para-aramid fibers 

39.  2PG*1.0PC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.00 phr of pristine para-aramid fibers 

40.  2PG*1.5PC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.50 phr of pristine para-aramid fibers 

41.  2PG*2.0PC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 2.00 phr of pristine para-aramid fibers 

42.  2PG*1.0PPC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.00 phr of para-aramid fibers treated with phosphoric acid 

43.  2PG*1.0PAC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.00 phr of para-aramid fibers silanized with 3-

aminopropyltriethoxy silane agent 

44.  2PG*1.0PPAC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.00 phr of para-aramid fibers treated with phosphoric acid 

solution followed by silanization with  3-aminopropyltriethoxy 

silane agent 
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45.  2PG*1.0PMC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.00 phr of para-aramid fibers after UV-assisted MAH 

grafting 

46.  2PG*0.5IC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 0.50 phr of pristine Inviya fibers 

47.  2PG*1.0IC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.00 phr of pristine Inviya fibers 

48.  2PG*1.5IC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.50 phr of pristine Inviya fibers 

49.  2PG*2.0IC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 2.00 phr of pristine Inviya fibers 

50.  2PG*1.5IPC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.50 phr of Inviya fibers treated with phosphoric acid 

51.  2PG*1.5IAC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.50 phr of Inviya fibers silanized with 3-

aminopropyltriethoxy silane agent 

52.  2PG*1.5IPAC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.50 phr of Inviya fibers treated with phosphoric acid solution 

followed by silanization with  3-aminopropyltriethoxy silane 

agent 

53.  2PG*1.5IMC GFRP nanocomposite reinforced with 2 phr of silanized nanoclay 

and 1.50 phr of Inviya fibers after UV-assisted MAH grafting 
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Chapter 1. Introduction  

1.1 Overview 

This chapter provides an introduction to polymer nanocomposites. It discusses the characteristics 

of nanoclay reinforced epoxy nanocomposites and presents the different types of nanoclay 

morphologies that can exist in epoxy nanocomposites. It discusses the properties and limitations 

of glass fiber reinforced epoxy nanocomposites. The chapter elaborates on the need for 

compatibilization of various constituents of nanocomposites. It discusses the applications of fiber 

reinforced polymer composites and finally brings forth the origin of the present research work. 

 

1.2 Polymer nanocomposites  

Polymer nanocomposites are defined as polymeric matrices containing nano-fillers, with one of 

the dimensions being less than or equal to 100 nm [1]. Polymer nanocomposites have received 

great attention, both in academic community as well as industrial sector, because of their notable 

improvements in properties over virgin polymers and conventional micro/macro-composites. 

Conventional composites usually need high filler content ( 10 wt.%) to perform the required 

functions/applications. Higher filler loading increases the density of composite and also creates 

processing difficulties. This degrades the overall mechanical performance of composites. 

Comparatively, nanocomposites show significant improvements in mechanical properties with a 

lower nano-filler content ( 5 wt.%) [2–4]. It is reported that 3–5 wt.% of nano-filler loading offers 

the same improvement in properties as is with 20–30 wt.% of micro-filler content [5]. This 

indicates that nanocomposites offer much greater interfacial area as compared to micro-composites 

(Figure 1.1) for the same filler content [6].  

Nano-fillers are classified into three types based on size. These include (i) one dimensional 

(nanotubes, nanowires, etc.), (ii) two dimensional (nanoclay, graphene, etc.), (iii) three 

dimensional (spherical and cubical nanoparticles) [5]. Nano-fillers are utilized in polymer 

nanocomposites due to their inherent characteristics like high surface-to-volume ratio which 

improves the matrix-filler interaction and hence provide remarkable improvements in the 

mechanical properties [3,5,7,8]. Uniformly dispersed nano-fillers boost the mechanical 

performance whereas agglomerated nanoparticles deteriorate the performance of polymer 
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nanocomposites. Agglomerates act as crack propagation sites. Thus, the level of nano-filler 

dispersion in polymer matrices is very imperative [9].  

 

Figure 1.1. Schematic comparison of nano-particle and micro-particle interaction with polymer matrix [6]. 

  
Some of the main mechanisms reported in literature which cause improvement in properties of 

nano-filler reinforced polymer nanocomposites are discussed as follows:  

a) Crack pinning: The dispersed nano-filler restricts the propagation of cracks and produces a 

secondary non-linear source. The crack pins at that point. Higher energy is required for further 

propagation of the crack because energy required to propagate the crack depends on length of 

crack. This mechanism is known as ‘dispersion hardening’ and offers higher obstruction 

(requires higher energy absorption) owing to lower inter-particle distance among dispersed 

nano-fillers [10]. 

b) Crack deflection: Uniformly dispersed and stiff nano-fillers cause the cracks to twist or tilt 

which modifies the crack propagation plane and increases the surface area of cracks. 

Consequently, more energy is required to cause failure of the material [11]. 

c) Debonding and voids: Debonding is an important phenomenon which induces toughness in 

composites. The crack tips are not restricted within a void; hence, crack growth is facilitated 

[12]. 

d) Immobilized polymer: Uniformly dispersed nano-fillers restrict the movement of polymeric 

chains. Consequently, chain displacement becomes difficult and higher energy is needed to 

displace the chains [13]. 
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1.3 Nanoclay reinforced polymer nanocomposites  

Among the wide variety of nano-fillers viz. nanoclay, carbon nanotubes, graphene, silica 

nanoparticles, etc., nanoclay has been utilized extensively in polymer composites owing to its 

unmatchable characteristics like higher aspect ratio, large active surface area, well-studied 

intercalation chemistry, ease of availability, and low cost [1,2,14–19]. Polymer nanocomposites 

reinforced with nanoclay provide significantly improved strength and modulus, higher resistance 

to chemical attack, decreased flammability, and lower gas permeability [1–3,7]. Figure 1.2 shows 

the general structure of nanoclay (montmorillonite). The structure of nanoclay comprises of 

octahedral and tetrahedral layers. The octahedral alumina layer is sandwiched between two 

tetrahedral silica layers. Oxygen atoms of tetrahedral layer are shared with the octahedral layer. 

The crystal lattice has an overall negative charge due to the isomorphous substitution of aluminium 

for silicon in the tetrahedral layer and magnesium or iron for aluminium in the octahedral layer. 

The negatively charged region between the layers attracts cations (e.g. Ca2+, Fe2+ and Na+). This 

results in a positively charged region between the two negatively charged layers. The whole crystal 

structure is made up of these type of layers. The thickness of nanoclay is around 1 nm. However, 

the lateral dimensions vary from angstrom to microns or even more. These dimensions of nanoclay 

result in high aspect ratio and large active surface area (700–800 m2/g). These layers are available 

in an inherent parallel stacked structure. The region between two parallel layers is termed as d-

spacing or interlayer spacing/gallery [2,3]. 

 

Figure 1.2. Schematic of montmorillonite nanoclay structure [20]. 
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1.4 Various morphologies of nanoclay in polymer nanocomposites 

The dispersion of nanoclay in a polymer matrix can result in three different 

morphologies/structures based on the d-spacing or interlayer spacing/galleries between two 

nanoclay layers.  

a) Phase separated morphology: When polymer chains are not able to penetrate between the 

nanoclay layers, a phase-separated morphology is achieved (Figure 1.3). Polymer 

nanocomposites with a phase-separated morphology are not able to show significant 

improvement in properties. Improvement in properties is in the range of conventional 

composites [2,3]. 

b) Intercalated morphology: When polymer chains are able to penetrate between the nanoclay 

layers, the d-spacing between them increases. A symmetrically arranged multi-layer structure 

is seen in which polymer chains and clay layers are alternatively placed. This type of 

morphology with increased d-spacing as compared to phase-separated morphology is termed 

as intercalated morphology (Figure 1.3) [2]. 

c) Exfoliated morphology: When polymer chains are able to penetrate between the nanoclay 

layers and randomly disperse the nanoclay layers in the polymer matrix, an exfoliated 

morphology is achieved (Figure 1.3). The orientation of nanoclay layers in the polymer matrix 

is random, and the d-spacing between layers increases extensively. An exfoliated morphology 

is also known as disordered morphology [2,3,7]. 

 

Figure 1.3. Various morphologies of nanoclay in polymer nanocomposites [3]. 
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1.5 Glass fiber reinforced epoxy nanocomposites 

For the last half-century, tremendous expansion has been witnessed in the area of fiber reinforced 

polymer composites owing to their myriad applications in various fields from electronics to 

aviation [15,21–23]. Fiber reinforced polymer composites comprise of a polymer matrix with high 

strength fiber(s) as reinforcement. Generally, glass fibers, para-aramid fibers, carbon fibers, 

polyethylene fibers, ceramic fibers, and natural fibers are used as reinforcement [15,24–30]. 

Among the various fibers, glass fibers and carbon fibers are most commonly used due to their 

freedom to be used with either thermoset or thermoplastic matrix [24]. The imperative 

characteristics of glass fibers include their low cost, high strength and modulus, high chemical 

resistance, good heat resistance, and excellent insulating properties [31,32]. Epoxy is the most 

commonly used thermosetting matrix in fiber reinforced polymer nanocomposites because of its 

characteristics like low density, high chemical stability, excellent bonding ability, and good 

mechanical properties [14,15,25,33]. Glass fiber reinforced epoxy composites exhibit good static 

mechanical properties but lack in impact strength. Epoxy resins during curing with a hardener get 

cross-linked through a polymerization reaction. The resulting cured resins demonstrate superior 

properties viz. high strength, stiffness, and glass transition temperature. But, this is also 

accompanied by increased brittleness, resulting in reduced impact strength [1,32,34,35]. 

Researchers, in the recent past, have tried to obtain a combination of good static mechanical 

properties along with good impact strength [36–39]. Thermoplastic fibers (polypropylene fibers, 

polyethylene terephthalate fibers, glass fibers, carbon fibers etc.) or nano-fillers (nanoclay, carbon 

nanotubes, graphene, silica nanoparticles, etc.) have been used for the purpose by various 

researchers. Nano-filler (e.g. nanoclay) reinforced epoxy nanocomposites show significantly 

improved tensile and flexural properties but impact strength improves only marginally [40–43]. 

On the other hand, thermoplastic fiber reinforced epoxy composites show low mechanical 

performance due to lack of compatibility of these polymeric fibers with other constituents of epoxy 

composites. With reinforcement of compatibilized thermoplastic fibers, there is improvement in 

impact strength but tensile/flexural properties of composites degrade [1,32,34,44]. It is evident 

from literature that to improve the properties of epoxy based composites with addition of 

thermoplastic fibers,  compatibilization (surface treatment) of thermoplastic fibers is necessary 

[1,32–34,44,45]. Further, there is still a need to develop epoxy based nanocomposites showing 

good combination of impact strength-static mechanical properties. 



6 
 

1.6 Compatibilization (surface treatment) of fillers  

Compatibilization or surface treatment of reinforcements (nano-filler and/or thermoplastic fibers) 

results in better interfacial interaction among various constituents of epoxy nanocomposites. This 

results in development of a robust interface between matrix and reinforcement leading to improved 

mechanical performance of epoxy nanocomposites [1,32–35,44]. Several surface modification 

techniques are reported in literature for compatibilization which include chemical treatment (using 

sodium hydroxide, sulphuric acid etc.), silanization (using different silane agents viz. 

vinyltriethoxysilane, 3-aminopropyltriethoxysilane etc.), UV-assisted methods (using maleic 

anhydride grafting, acrylic acid grafting etc.), corona discharge treatment, and plasma modification 

etc. [1,32–35,44,46–50].  

Surface modification techniques either make the fiber surface rough or add functional groups to 

the fiber surface resulting in better interfacial interaction among various constituents of composite 

system. Silanization technique and UV-assisted maleic anhydride (MAH) grafting are well known 

for improving the compatibility between two dissimilar materials (organic and inorganic 

constituents) [1,34,35]. 

Table 1.1. Applications of fiber reinforced polymer nanocomposites in various industries. 

Industry Applications References 

Aircraft and 
Military 

Baggage doors, Vertical fins, Vertical and horizontal 

stabilizers, Rotor blades, Outer flaps, Radome, Tail 

cone etc. 

[15,32,51] 

Space Industry 
Payload bay door, Remote manipulator arm, Support 

structures for smaller components (solar arrays, 

antennas, mirror substrates) etc. 

[51] 

Automotive 

Industry 

Hood or door panels, Radiator support, Bumper 

beams, Roof and door frames, Engine valve covers, 

Timing chain covers, etc. 

[15,32,44,51] 

Marine Industry 
Boat hulls, Decks, Frames, Masts, Bulkheads, 

Propulsion shafts, etc. 

[15,32,35,51,52] 

Sporting Goods 
Industry 

Bicycle frames for racing, Tennis rackets, Hockey 

sticks, Baseball bats, Arrows, Javelins, Athletic shoe 

soles, heels etc. 

[15,32,35,51] 

Miscellaneous 
Industries 

Printed circuit boards (PCBs), Floor beams, 

Transformer housing, Implants, prosthetics etc. 

[51,52] 

 

1.7 Applications of fiber reinforced polymer nanocomposites 

Fiber reinforced nanocomposites are low-cost/light-weight and are extensively used due to their 

unique characteristics like excellent strength-to-weight ratio, high tensile and flexural properties 
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(strength and modulus), good  interfacial shear strength, and resistance to degradation from 

chemicals and environment. These materials are used in aviation, automotive, marine, and military 

industry and result in reduced overall weight, higher fuel efficiency, and reduced emissions 

[36,53–60]. The major applications of FRPs are listed in Table 1.1. 

 

1.8 Origin of the present study 

Commercially used fiber reinforced polymer composites mostly comprise of glass fibers as 

reinforcement and epoxy as the matrix (epoxy based GFRPs). These GFRPs have high specific 

strength and stiffness and are used in various structural applications. However, safe operation of 

structures for the required lifetime demands not only good static mechanical properties but also 

high impact strength (e.g. in aerospace applications, during a flight, there is high possibility of 

impact damage to GFRPs due to runway debris or hail strike [1,32,34,35,51,61–63]. Epoxy, when 

polymerized, is an amorphous and a highly cross-linked material. The cross-linked structure results 

in many useful properties such as high modulus and failure strength etc. However, it also leads to 

an undesirable property whereby the polymer becomes relatively brittle and has poor resistance to 

crack initiation and growth (i.e. low impact strength). The main disadvantage of polymeric 

composite materials is represented by the non-visible impact damage, the repairing process being 

different from the one applied for metal structures. For these reasons, the research in this field 

focuses on improvement of mechanical properties (especially impact strength) of epoxy based 

GFRPs to enhance their efficiencies. Epoxy toughening has been an interesting and challenging 

topic for over four decades. Significant efforts have been paid on epoxies toughened with 

micrometer-sized liquid rubbers, core-shell rubber particles, thermoplastic particles etc. The 

addition of rubbery toughening agents has usually resulted in an impressive toughening effect but 

also tends to cause severe deterioration in strength etc. and also causes processing difficulties due 

to high viscosity. The introduction of thermoplastic particles typically gives a moderate toughening 

effect but cannot produce satisfactory results [1,15,32–36,44,64,65]. Consequently, there is still a 

significant need to develop alternative toughening approaches to significantly increase the fracture 

resistance of brittle epoxies without compromising on other desirable mechanical properties. 

It is reported that reinforcement of nanoclay to fiber reinforced epoxy nanocomposites shows 

substantial improvements in static mechanical properties (tensile properties, flexural properties, 

microhardness etc.) along with only marginal improvements in impact strength. So, the impact 
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behaviour of such nanocomposites is still an area of concern [1,15,16,33,39,66]. To further 

improve the properties, especially the impact behaviour, one of the ways can be to incorporate 

second phase fillers (polymer/elastomer filler) into the epoxy resin [1,32,34]. 

In the light of aforesaid, it was proposed to modify epoxy based GFRP nanocomposites 

(epoxy/nanoclay/glass fiber nanocomposite systems) through addition of thermoplastic fibers 

(polymeric fillers) as an additional filler for enhanced impact strength. However, the key to 

improved properties of multi-constituent reinforced epoxy nanocomposites lies in good 

compatibility among various constituents of the composite system. For improving the 

compatibility of polymeric filler with other constituents of the composite system, different 

compatibilization techniques viz. chemical treatment, silanization, UV-assisted MAH grafting, or 

combination of these treatments were used in the present research for surface treatment of polymer 

fillers. Polymer fillers used in the present work include ultra high molecular weight polyethylene 

(UHMWPE), para-aramid (Kevlar), and Inviya (Spandex) fibers. These polymers vary greatly in 

their elasticity, ductility, and rigidity. It was envisaged that effective compatibilization of 

polymeric fillers and their subsequent reinforcement will result in enhanced interfacial 

interaction/bonding among constituents of the composite system leading to significant 

improvements in impact strength without any appreciable loss in tensile properties.  

Ultra high molecular weight polyethylene (UHMWPE) fibers are high performance fibers because 

of low density, good mechanical properties in ambient/cryogenic temperature conditions (high 

toughness, high tensile modulus and strength), good resistance to chemicals and wear, low cost, 

and light-weight. Inviya fibers are segmented polymers having more than 85% segmented 

polyurethane. Inviya fibers have higher stretch and elastic recovery due to alternative flexible and 

rigid structures. These fibers are also known as elastane due to their exceptional ability to stretch 

(five times their original length). Para-aramid fibers are high-performance fibers having high 

specific toughness ratio, high strength and modulus, low density, high chemical resistance, and 

excellent thermal stability.  

It was a tremendous processing challenge to compatibilize the various constituents and processes 

these highly viscous multi-scale reinforced composite systems with minimal defects. 

 



9 
 

1.9 Outline of the thesis 

This research work investigated the effect of reinforcing pristine/compatibilized nano-filler 

(nanoclay) and pristine/compatibilized micro-filler (thermoplastic fibers) on the mechanical 

performance of epoxy based GFRPs. Epoxy based GFRPs containing 2 phr nanoclay (fixed 

concentration; ‘phr’ means per hundred resin) and thermoplastic fibers (varying concentration) 

were processed using hand lay-up assisted vacuum assisted resin infusion moulding (VARIM) 

technique. For improving the compatibility among constituents of composite system, nanoclay and 

thermoplastic fibers were subjected to compatibilization (surface modification). Silanization 

method was used for surface modification of nanoclay. For compatibilization of thermoplastic 

fibers, different surface modification methods viz. chemical treatment, silanization, UV-assisted 

MAH grafting, and combination of any of these two surface modification methods were used. 

There are eight chapters in this thesis. The outline of the chapters is as follows: 

▪ Chapter 1. This chapter presents an overview of some basic terms/topics used in the present 

research work viz. polymer nanocomposites, nanoclay reinforced polymer nanocomposites, 

morphologies of nanoclay in polymer nanocomposites, glass fiber reinforced epoxy 

nanocomposites (epoxy based GFRPs) and their applications in different sectors. The 

importance of compatibilization/surface modification of various fillers and its effect on 

interfacial interaction of various constituents of multi-scale reinforced nanocomposites is also 

discussed. The latter part of the chapter presents the need for improving the impact strength of 

epoxy based GFRPs, and thus, presents origin of the present research work. 

▪ Chapter 2. This chapter presents a comprehensive review of literature on processing methods 

and resulting mechanical properties of (a) nanoclay reinforced polymer composites, (b) 

UHMWPE fiber reinforced polymer composites, (c) para-aramid fiber reinforced polymer 

composites, (d) spandex fiber reinforced polymer composites, and (e) multi-scale reinforced 

polymer composites. The chapter also presents a summary of the reviewed literature and 

highlights the major gaps in existing literature. 

▪ Chapter 3. This chapter presents design of the present research work. Research objectives are 

formulated in the light of literature gaps. The details of various constituent materials, 

processing methodology, equipment used for processing/mechanical testing/characterization 

of epoxy based GFRP nanocomposites are included. The details of procedure used for surface 

modification of nanoclay and thermoplastic fibers are also presented in this chapter. 
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▪ Chapter 4. This chapter presents the details of surface modification procedure followed to 

determine the silane concentration of 3-aminopropyltriethoxy silane agent for silanization of 

nanoclay. Silane concentration was varied in the range of 1X−4X, where X was the wt.% of 

nanoclay. In the present research, nanoclay loading was fixed at 2 phr. Impact strength and 

tensile properties of epoxy based GFRPs (with all constituents except for thermoplastic fibers) 

containing 2 phr clay treated with various silane concentrations was evaluated. Silane 

concentration which provided best combination of impact strength and tensile properties for 

nanocomposites was selected for processing of epoxy based GFRPs. The chapter also describes 

the effect of acetone washing and no washing after silanization of nanoclay on the properties 

of composites. FTIR analysis for validation of silanization, XRD/TEM analysis for 

ascertaining the nanoclay morphology, and SEM analysis for determining the mechanisms 

causing improvements in mechanical properties are also described in this chapter.  

▪ Chapter 5. This chapter presents the effect of reinforcing different concentrations of 

UHMWPE fibers, both pristine as well as surface treated fibers (0.125–0.500 phr; with an 

increment of 0.125 phr) on the impact strength/tensile properties of epoxy based GFRPs 

containing 2 phr of silanized nanoclay. For the pristine UHMWPE fibers, 0.250 phr reinforced 

GFRPs showed the best mechanical performance. This concentration (0.250 phr) was selected 

for reinforcing surface modified UHMWPE fibers. Four different compatibilization techniques 

viz. (i) potassium permanganate treatment, (ii) silanization with 3-aminopropyltriethoxy silane 

agent, (iii) combination of potassium permanganate treatment and silanization, and (iv) UV-

assisted MAH grafting were used. The chapter further presents the results of mechanical testing 

of epoxy based GFRPs containing 0.250 phr of UHMWPE fibers treated with various 

compatibilization techniques. Finally, the characterization procedures (FTIR and SEM-EDS 

analysis) to confirm surface modification of fibers and fracture surface of GFRP 

nanocomposites (SEM micrographs) fractured under impact testing are also discussed.  

▪ Chapter 6. This chapter presents the effect of reinforcing different concentrations of para-

aramid fibers, both pristine as well as surface treated fibers (0.50–2.00 phr; with an increment 

of 0.50 phr) on the impact strength/tensile properties of epoxy based GFRPs containing 2 phr 

of silanized nanoclay. For pristine para-aramid fibers, 1.00 phr reinforced GFRPs showed the 

best mechanical performance. This concentration (1.00 phr) was selected for reinforcing 

surface modified para-aramid fibers. Four different compatibilization techniques viz. (i) 
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phosphoric acid treatment, (ii) silanization with 3-aminopropyltriethoxy silane agent, (iii) 

combination of phosphoric acid treatment and silanization, and (iv) UV-assisted MAH grafting 

were used. The chapter further presents the results of mechanical testing of epoxy based GFRPs 

containing 1.0 phr of para-aramid fibers treated with various compatibilization techniques. 

Finally, the characterization procedures (FTIR and SEM-EDS analysis) to confirm surface 

modification of fibers and fracture surface of GFRP nanocomposites (SEM micrographs) 

fractured under impact testing are also discussed.  

▪ Chapter 7. This chapter presents the effect of reinforcing different concentrations of Inviya 

fibers, both pristine as well as surface treated fibers (0.50–2.00 phr; with an increment of 0.50 

phr) on the impact strength/tensile properties of epoxy based GFRPs containing 2 phr of 

silanized nanoclay. For pristine Inviya fibers, 1.50 phr reinforced GFRPs showed the best 

mechanical performance. This concentration (1.50 phr) was selected for reinforcing surface 

modified Inviya fibers. Four different compatibilization techniques viz. (i) phosphoric acid 

treatment, (ii) silanization with 3-aminopropyltriethoxy silane agent, (iii) combination of 

phosphoric acid treatment and silanization, and (iv) UV-assisted MAH grafting were used. The 

chapter further presents the results of mechanical testing of epoxy based GFRPs containing 1.5 

phr of Inviya fibers treated with various compatibilization techniques. Finally, the 

characterization procedures (FTIR and SEM-EDS analysis) to confirm surface modification of 

fibers and fracture surface of GFRP nanocomposites (SEM micrographs) fractured under 

impact testing are also discussed.  

▪ Chapter 8: This chapter covers the summary of results and major findings from the present 

research work. The major conclusions from the research are discussed. Finally, the chapter 

presents the future scope in this area of research. 

As per the outline, the next chapter presents a comprehensive literature review on processing 

procedures, compatibilization methods and their effect on mechanical properties of polymer 

composites reinforced with nanoclay and/or thermoplastic fillers. 

 

 

 

 

 



12 
 

Chapter 2. Literature review 

2.1 Overview 

This chapter presents a comprehensive literature review on polymer matrix composites reinforced 

with one or more of the following constituents viz. nanoclay, glass fibers, UHMWPE fibers, para-

aramid fibers, and spandex fibers. The chapter also presents literature on multi-scale constituent 

reinforced polymer composites. It discusses the influence of processing conditions, 

compatibilization procedures, and fabrication techniques on the mechanical performance of 

polymer composites. The literature review is broadly classified into five sections viz. (i) nanoclay 

reinforced polymer composites, (ii) UHMWPE fiber reinforced polymer composites, (iii) para-

aramid fiber reinforced polymer composites, (iv) spandex fiber reinforced polymer composites, 

and (v) multi-scale filler reinforced polymer composites. The chapter finally summarizes the 

reviewed literature and discusses the major gaps in the existing literature. 

 

2.2  Nanoclay reinforced polymer composites  

Thongchom et al. (2022) [67] explored the influence of reinforcing nanoclay, graphene, and basalt 

fibers on the performance of polypropylene (PP) based nanocomposites. Different loadings of 

nanoclay (3.00 and 6.00 wt.%), graphene (0.75 and 1.5 wt.%), and basalt fibers (10.00 and 20.00 

wt.%) were used. Hot compression moulding technique was used for processing of 

nanocomposites. Addition of 20.00 wt.% basalt fibers improved the tensile strength, tensile 

modulus, and impact performance (Charpy test) by 32%, 64%, and 18%, respectively over pristine 

PP matrix material. Addition of 0.75 wt.% graphene improved the tensile strength and impact 

performance (Charpy test)  by 15% and 20% respectively (over pristine PP). Addition of nanoclay 

improved the tensile modulus (maximum increase of 59% at 6 wt.%). Maximum tensile strength 

(17% improvement) was observed at 3 wt.% nanoclay reinforcement. At low loading, the nano-

fillers (nanoclay, graphene, and basalt fibers) dispersed uniformly resulting in good adhesion 

between nano-filler and matrix. However, at higher nano-filler loading, agglomerates formed 

which deteriorated the properties. 

Merzah et al. (2022) [68] observed the effect of reinforcing pristine/sulphuric acid treated 

nanoclay (1–3 wt.%; increment of 1 wt.%.) on the properties of epoxy composites. Addition of 2.0 

wt.%  of pristine nanoclay improved the tensile strength and modulus by 111% and 41% 

respectively. Addition of sulphuric acid treated nanoclay further improved the tensile properties 
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(maximum improvement of 140% in tensile strength at 2 wt.% loading; maximum improvement 

of 75% in tensile modulus at 3.0 wt.%). The acid treated nanoclay dispersed more uniformly as 

compared to pristine nanoclay, due to which better mechanical performance was shown by acid 

treated nanoclay reinforced epoxy nanocomposites. 

Chee et al., (2021) [69] explored the influence of reinforcing different types of nanoclay 

(unmodified and modified nanoclay, and halloysite nanotubes) on the mechanical performance of 

bamboo and kenaf fiber reinforced epoxy nanocomposites. Fixed nanoclay loading (1.0 wt.%) was 

used in the work. Hand-layup method was used for processing of nanocomposites. The bamboo 

and kenaf fiber reinforced epoxy nanocomposites reinforced with modified nanoclay showed best 

mechanical performance among all fabricated nanocomposites. Tensile strength, flexural strength, 

and impact strength of is nanocomposite showed improvement of 44%, 67%, and 53% respectively 

over nanocomposite without nanoclay. Nanoclay owing to higher aspect ratio than halloysite 

nanotubes had more bonding sites between epoxy-nanoclay and fibers. Also modified nanoclay 

uniformly dispersed (due to organic modification) in epoxy resin and resulted in stronger 

interfacial bonding between epoxy-nanoclay and fibers. 

Sivaperumal and Jancirani (2021) [70] explored the influence of reinforcing nanoclay (0.5–2.5 

wt.; with an increment of 0.5 wt.%.) on the mechanical performance of Ramie fiber (40.0 wt.%) 

reinforced epoxy nanocomposites. Addition of nanoclay improved mechanical properties till 1.5 

wt.%, beyond this decreasing trend was observed owing to formation of agglomerates. Ramie fiber 

reinforced epoxy nanocomposite reinforced with 1.5 wt.% nanoclay showed 48%, 34%, and 84% 

improvement in tensile strength, flexural strength, and impact strength respectively, as compared 

to Ramie fiber reinforced epoxy composite (without nanoclay). The improvement was witnessed 

due to micro fibril mechanism of Ramie fiber. Also, absence of fiber pullout confirmed good 

interfacial bonding among constituents of the nanocomposite systems. 

Nayak et al. (2020) [71] evaluated the influence of reinforcing nano-silica particles (1.0 wt.%) 

and nanoclay platelets (2.0 wt.%) on the flexural properties and glass transition temperature of 

epoxy based GFRPs. Manual hand lay-up technique was used for processing of GFRPs. Flexural 

strength improved by 11% over the reference sample (epoxy based GFRP without any nano-

reinforcement) owing to improved bonding between constituents on the addition of nano-

reinforcements. Flexural modulus didn’t change with nano-silica and nanoclay reinforcement. 

Glass transition temperature decreased from 101℃ to 91℃. 
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Shettar et al. (2020) [72] examined the influence of reinforcing nanoclay on tensile/flexural 

properties of epoxy based GFRPs. Glass fiber concentration was varied from 40–60 wt.% 

(increment of 10 wt.%). Nanoclay concentration was varied as 2.0 wt.% and 4.0 wt.%. Manual 

compressing was used for processing of GFRPs. Reinforcement of 60 wt.% of glass fibers to 

pristine epoxy showed improvement of 15% and 10% in tensile strength and modulus respectively 

with respect to reference sample (containing 40 wt.% glass fibers and no clay). Epoxy composite 

reinforced with 60 wt.% glass fibers and 4 wt.% nanoclay showed the highest improvement of 

28% and 29% in tensile strength and modulus respectively over the reference sample. Similar 

trends were also observed in flexural properties. Flexural strength and modulus improved by 15% 

and 43%, respectively over the reference sample. 

 

Figure 2.1. SEM micrographs of fractured surface after tensile testing (a) GFRP having no nanoclay, (b) GFRP 

having 2 phr pristine nanoclay, and (c) GFRP having 2 phr silanized nanoclay [73]. 

 

Feiz and Khosravi (2019) [73] examined the influence of silanized nanoclay (1–7 wt.%; 

increment of 2 wt.%) on the performance of epoxy based GFRPs. Hand lay-up technique followed 

by cold pressing was used. All properties improved till 5 wt.% silanized nanoclay loading. 

Maximum improvement in tensile, flexural, and compressive strengths was 18%, 38%, and 53% 

respectively (compared to GFRP epoxy composite without nanoclay). GFRP having no nanoclay 

showed a smooth surface (Figure 2.1a). The roughness of GFRP surface increased with addition 
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of nanoclay, however, silanized nanoclay showed the roughest surface (Figure 2.1b). Silanized 

nanoclay acted as an interlocking agent between epoxy and glass fibers, thereby improving the 

interfacial bonding between them.  

 

Figure 2.2. SEM micrographs of surface after fracture toughness of GFRP having 2 phr nanoclay loading (a–b) 

Nanomer PGV, and (c–d) Nanomer I.28E [15]. 

 

Shelly et al. (2018) [15] examined the influence of reinforcing nanoclay (Nanomer PGV and 

Nanomer I.28E used separately; 0–4 phr with increment of 0.5 phr) on performance of glass fiber 

VARIM technique (vacuum assisted resin infusion moulding) was used for fabricating 

nanocomposites. GFRPs reinforced with Nanomer PGV showed a slight improvement in tensile 

properties, whereas GFRPs reinforced with Nanomer I.28E didn’t show any significant 

improvement in tensile properties. The impact strength of GFRPs reinforced with Nanomer PGV, 

and Nanomer I.28E improved by 22 % and 15 %, respectively, as compared to GFRP (having no 

nanoclay). The fracture toughness of GFRPs reinforced with Nanomer PGV and Nanomer I.28E 

was improved by 73 % and 57 %, respectively, as compared to GFRP (having no nanoclay). The 

random dispersion of nanoclay made the path of crack more torturous and thus inhibited crack 

propagation (Figure 2.2 b−c).  It was revealed that epoxy-nanoclay strongly adhered to glass fibers 

(Figure 2.2a and 2.2d). Consequently, GFRPs reinforced with nanoclay showed better mechanical 

performance. 
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Withers et al. (2015) [66] examined the influence of reinforcing nanoclay (2.0 and 4.0 wt.%.) on 

the tensile properties of epoxy based GFRPs. Tensile strength and modulus were maximum for 

GFRP containing 2 wt.% nanoclay. GFRPs without nanoclay showed a more brittle-like matrix 

behavior that was more susceptible to failure (Figure 2.3a). The fractured surface of epoxy based 

GFRP composite containing 2 wt.% nanoclay showed toughened and more ductile epoxy matrix 

(Figure 2.3b), which supported the improved tensile properties. 

 

Figure 2.3. SEM micrographs of fractured surface after tensile testing (a) GFRP having no clay, and (b) GFRP 

having 2 phr nanoclay [66]. 

 

Rafiq et al. (2018) [39] observed the influence of reinforcing nanoclay (1.5 wt.% and 3.0 wt.%) 

on the flexural strength and fracture toughness of epoxy based GFRP nanocomposites. Epoxy 

based GFRPs reinforced with 1.5 wt.% nanoclay showed the best mechanical performance (15% 

and 77% improvement in flexural and fracture strength respectively, over GFRP without 

nanoclay). Mechanical performance improved owing to good dispersion of nanoclay in epoxy 

resin. Crack arrest and crack deflection mechanisms also helped in boosting the performance. 

Kumar et al. (2010) [74] examined the influence of reinforcing nanoclay on the tensile and 

flexural properties of epoxy based GFRPs. Nanoclay loading was varied as 2, 3, 5, and 12 wt.%. 

Tensile properties and flexural properties showed maximum improvement at 5 wt.% loading with 

enhancement of 133%, 58%, 56.8%, and 103.6 % in tensile strength, tensile modulus, flexural 

strength, and flexural modulus respectively over the neat epoxy sample. Uniform dispersion of 

clay helped in improving the bonding between epoxy and glass fibers. At 12 wt.% nanoclay 

loading properties deteriorated due to poor dispersion of nanoclay and air entrapment in the 

fabricated GFRPs. 
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Table 2.1. Summary of literature on nanoclay reinforced epoxy nanocomposites. 

S.No. Composition Effect on mechanical properties and underlying 

mechanisms/reasons for change in properties 

References 

1.  Matrix: Epoxy 

Reinforcement: 

Nanoclay  

Authors explored the effect of nanoclay addition on 

properties of epoxy composites. Tensile strength, tensile 

modulus, flexural strength, flexural modulus, impact 

strength, and fracture toughness improved till an 

optimum loading. Improvement in modulus was 

observed due to high stiffening effect of nanoclay. 

Strength improved due to uniform dispersion of clay 

which deflected/restricted the crack advancement, thus 

resulting in improved performance. Beyond the optimum 

nanoclay loading, properties deteriorated due to 

formation of agglomerates, increased viscosity, and void 

formation. Voids and clay agglomerates acted as stress 

concentration sites. Thus, pre-mature failure of epoxy 

nanocomposites occurred. 

Isik et al. 2003 [40]; 

Zunjarrao et al. 2006 [75]; 

Qi et al. 2006 [76]; Wang 

et al. 2006 [77]; Kim et al. 

2008 [78]; Lim et al. 2011 

[42]; Alamri et al. 2012 

[79]; Bakar et al. 2012 

[80]; Shokrieh et al. 2012 

[81]; Kusmono et al.  

2013 [41]; Rafiq et al. 

2014 [39]; Alsagayar et 

al. 2015 [82]; Nguyen et 

al. 2021 [83] 

2.  Matrix: Epoxy 

Reinforcements: 

Nanoclay, 

Carbon fibers/ 

Glass fibers 

Authors investigated the influence of nanoclay addition 

on the performance of epoxy/carbon fiber 

nanocomposites. Nanoclay reinforcement to carbon fiber 

reinforced epoxy nanocomposites improved the tensile 

and flexural properties, impact strength, fracture 

toughness, and interlaminar shear strength. at a low 

nanoclay loading (generally less than 5 wt.%). 

Improvement in properties was witnessed due to 

mechanisms like micro-cracks and voids, crack tip 

bifurcation, crack pinning, and crack deflection. Curing 

at higher temperatures also enhanced the properties 

owing to complete cross linking of polymer 

nanocomposites. Damping characteristics and loss 

modulus also improved. At higher nanoclay loadings, 

aggregates were formed. These flaws/unwanted 

agglomerates initiated cracks and resulted in failure of 

materials at lower stress/strain. Some authors reported 

use of silanized nanoclay which further enhanced the 

properties due to formation of chemical bond between 

epoxy/clay/fibers. Breakage of fibers was the dominating 

mechanism observed in such cases. Fiber pull-out from 

epoxy matrix was not generally observed after 

reinforcement of nanoclay. 

Timmerman et al. 2002 

[84]; Haque et al. 2003 

[37]; Kornmann et al. 

2005 [38]; Siddiqui et al. 

2007 [85]; Xu et al. 2008 

[86]; Karippal et al. 2011 

[87];  Khan et al. 2011 

[88]; Phonthammachai et 

al. 2011 [89]; Kanny et al. 

2014 [90]; Islam et al. 

2015 [91]; Sharma et al. 

2016 [92]; Jeyakumar et 

al. 2017 [93]; Annappa et 

al. 2021 [94]; Tay et al. 

2021 [95] 

 

Bozkurt et al. (2007) [36] investigated the effect of reinforcing montmorillonite clay (MMT) and 

organically modified montmorillonite clay (OMMT) on the performance of epoxy based GFRPs. 

Clay loadings were 1, 3, 6, and 10 wt.%. Tensile modulus remained almost constant by addition 

of MMT and OMMT till 6 wt.% of clay over neat epoxy. Tensile strength was slightly higher for 

MMT/epoxy composite as compared to OMMT/epoxy composites (for all clay loadings). 

Maximum improvement in flexural strength (16%) and modulus (13%) was obtained at 6 wt.% 

clay (OMMT) content. The presence of clay layers at fiber-matrix interface helped in boosting 
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the interfacial bonding between epoxy and glass fiber till an optimum loading. However, at 10 

wt.% nanoclay reinforced GFRPs showed deterioration in properties due to agglomeration of clay 

particles. These agglomerates acted as stress concentration sites, resulting in pre-mature failure.  

A summary of additional literature available on nanoclay reinforced epoxy nanocomposites is 

presented in Table 2.1. 

 

2.3 UHMWPE fiber reinforced polymer composites  

Steinke and Sodano (2022) [96] examined the effect of aramid nanofiber grafting on the 

interfacial shear strength (IFSS) of UHMWPE fibers. Dip coating process was used for grafting 

aramid nanofibers on the surface of UHMWPE fibers. Different time periods used for dip coating 

were 1, 3, 5, and 7 min. Average surface roughness (Ra) of UHMWPE fibers increased with an 

increase in coating time period. Ra increased from 11 nm (for pristine fibers) to 36 nm for surface 

modified UHMWPE fibers (dipped in aramid nanofiber coating for 7 min). Maximum 

improvement of 173% (over pristine fibers) was observed in IFSS of UHMWPE fibers treated for 

3 min in aramid nanofiber coating. Aramid nanofiber coating made the UHMWPE fiber surface 

rougher and formed polar functional groups like amide, hydroxyl, carboxyl, and ketone, thus, 

strengthening the bonding between fibers and epoxy. Hence, higher IFSS was showed by modified 

UHMWPE fibers. Treatment for longer periods ( 3 min) resulted in non-uniform and porous 

coating. Larger time periods also caused formation of aramid agglomerates. 

Steinke and Sodano (2022) [97] observed the influence of zinc oxide nanowire (ZnNW) grafting 

on the IFSS of UHMWPE fibers. UHMWPE fiber surface was modified with oxygen plasma 

treatment followed by ZnNW grafting. Dip coating was used for grafting ZnNW on UHMWPE 

fiber surface. Time periods used for oxygen plasma treatment were 15 s, 30 s, 60 s, and 90 s. IFSS 

of pristine UHMWPE fiber was 3.13 MPa. UHMWPE fibers treated with oxygen plasma treatment 

(for 30 s) followed by ZnNW grafting showed maximum improvement of 135% in IFSS (7.35 

MPa) over pristine fibers. With 90 s time period, IFSS had improved to a value of 4.75 MPa. The 

possible mechanisms for improved IFSS were (i) uniform grafting of ZnNW on the surface of 

UHMWPE fibers, (ii) increased surface area of UHMWPE fibers after grafting, (iii) improved 

mechanical interlocking after surface modification.  
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Figure 2.4. SEM micrographs of pristine/compatibilized UHMWPE fibers (a–b) pristine, (c–d) plasma treated, 

(e–f) PANI grafted, and (g–h) plasma treatment followed by PANI grafting [98]. 

 

Zhang et al. (2022) [98] investigated the influence of different surface treatments on the H pull-

out force of UHMWPE fibers. UHMWPE fibers were subjected to three different surface 

modification techniques viz. (a) plasma treatment, (b) polyaniline (PANI) grafting, and (c) plasma 

treatment followed by PANI grafting. H pull-out force of UHMWPE fibers improved after each 

surface modification technique. Maximum H pull-out force was observed in case of the third 

technique (i.e. plasma treatment followed by PANI grafting) with 68% improvement in H pull-out 
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force compared to pristine fibers. The surface of UHMWPE fibers became rough after surface 

modification (Figure 2.4). Plasma treatment followed by PANI grafted UHMWPE fibers showed 

the roughest surface (Figure 2.4g–h). Plasma treatment increased the functional groups on fibers’ 

surface whereas PANI grafting on plasma treated surface made it rougher, hence interfacial bond 

strength increased owing to mechanical interlocking. 

Li et al. (2019) [99] examined the influence of reinforcing compatibilized UHMWPE fibers on 

the performance of epoxy composites. Compatibilization of UHMWPE fibers was done using 

chromic acid solution. UHMWPE fibers were used in a fixed loading of 0.3 wt.%. Impact strength 

improved both with addition of pristine UHMWPE fibers (88.7 to 90.8 kJ/m2) and compatibilized 

UHMWPE fibers (88.7 to 92.6 kJ/m2) as compared to pristine epoxy. Addition of pristine 

UHMWPE fibers deteriorated the tensile strength of composites. Addition of compatibilized fibers 

improved the tensile strength by 7.5%. Surface treatment made the surface of fibers rougher and 

increased the oxygen contacting group.  

 

Figure 2.5. SEM micrographs of ELIUM nanocomposites showing (a) pristine UHMWPE fibers reinforced 

ELIUM composites, (b) dopamine modified UHMWPE fibers reinforced ELIUM composites, (c) 0.03 wt.% 

MWCNTs and dopamine modified UHMWPE fibers reinforced ELIUM nanocomposites, and (d) 0.10 wt.% 
MWCNTs and dopamine modified UHMWPE fibers reinforced ELIUM nanocomposites [100]. 
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Shanmugam et al. (2019) [100] investigated the influence of reinforcing dopamine modified 

multi-walled carbon nanotubes (MWCNT) on the mechanical properties of UHMWPE 

fibers/ELIUM composites. MWCNTs loading was 0.01, 0.03, 0.05, and 0.10 wt.%. Dip coating 

was used for dopamine treatment of MWCNTs. UHMWPE fibers/ELIUM composites reinforced 

with 0.03 wt.% of dopamine modified MWCNTs showed 42.5% improvement in TFBT 

(transverse fiber bundle test) bonding strength over pristine UHMWPE fibers reinforced ELIUM 

composites. The fracture surface of test specimen after TFBT bonding strength test showed that 

poor bonding between pristine fiber and ELIUM matrix (Figure 2.5a). Interfacial bonding between 

matrix and compatibilized UHMWPE fibers improved after surface modification (Figure 2.5). 

Nanocomposite reinforced with 0.03 wt.% MWCNTs and dopamine modified UHMWPE fibers 

showed the best interfacial bonding (Figure 2.5c). MWCNTs impeded crack propagation in the 

interface owing to bridging effect. Surface modification of UHMWPE fibers with dopamine 

modified MWCNTs made the surface rougher and resulted in mechanical interlocking between 

epoxy and UHMWPE fibers.  

He et al. (2018) [101] observed the influence of reinforcing plasma treated UHMWPE fibers on 

the performance of high‐density polyethylene (HDPE) composites. UHMWPE fibers were mixed 

with HDPE resin using a twin screw extruder. Surface of UHMWPE fibers was modified with 

oxygen plasma treatment for 5 min at three different powers: (i) 200 W, (ii) 300 W, and (iii) 400 

W. Different concentrations of UHMWPE fibers used for fabricating composites were 5, 10, 15, 

and 20 wt.%.  Tensile modulus continuously increased with increase in UHMWPE fiber content 

till 20 wt.%. Composites reinforced with 20 wt.% of treated UHMWPE fibers (300 W, 5 min) 

exhibited 175% increase in tensile modulus (compared to pristine HDPE). Impact strength 

increased with an increase in UHMWPE fiber loading till 15 wt.% (136% increase; 300 W, 5 min); 

beyond this, impact strength decreased.  Plasma treatment increased the surface roughness and 

added functional groups on the surface of UHMWPE fibers; hence, oxygen concentration 

increased which improved the chemical bonding between UHMWPE fibers and HDPE.  

Meng et al. (2018) [102] explored the influence of reinforcing surface modified UHMWPE fibers 

(treated with chromic acid solution) on the performance of UHMWPE fiber reinforced 

polyurethane composites. Flexural strength improved by 9% with addition of pristine UHMWPE 

fibers (0.3 wt.%) to the polyurethane matrix. Further, improvement (18% as compared to pristine 

polyurethane) occurred with addition of chromic acid treated UHMWPE fibers. Similarly, addition 
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of pristine UHMWPE fibers (0.3 wt.%) improved the impact strength of composites to 26.1 kJ/m2 

from 1.9 kJ/m2 for pristine polyurethane. Addition of surface treated fibers further improved the 

impact strength to 33.1 kJ/m2. Chemical cross-linking between treated UHMWPE fibers and 

polyurethane matrix improved the interfacial adhesion between the two. 

Mohammadalipour and Masoomi (2018) [103] studied the effect of reinforcing nanoclay and 

compatibilized UHMWPE fibers on the performance of epoxy nanocomposites. Nanoclay 

concentration was varied as 1, 3, and 5 wt.% and fibers were used in fixed concentration of 2.5 

wt.%. Performance improved with addition of nanoclay till 1 wt.%. Tensile strength, tensile 

modulus, and toughness of nanocomposite containing 1.0 wt.% nanoclay and 2.5 wt.% treated 

UHMWPE fibers improved by 48%, 27%, and 30% respectively (over pristine epoxy).   

Li et al. (2018) [104] observed the influence of reinforcing potassium permanganate treated 

UHMWPE fibers (fixed loading of 0.3 wt.%) on the performance of epoxy composites. Impact 

strength and interlaminar shear strength (ILSS) of treated UHMWPE/epoxy composites showed 

improvement of 11% and 28% respectively over the neat epoxy. Properties improved due to 

formation of rougher surface of UHMWPE fibers after treatment resulting in better interfacial 

adhesion between fibers and matrix. Surface roughness of fibers was examined using atomic force 

microscopy and SEM microscopy. 

Tang et al. (2017) [105] examined the effect of adding NaOH treated UHMWPE fibers (5–30 

wt.%; increment of 5 wt.%.) and silica particles (20 wt.%) on the performance of poly(methyl 

methacrylate) (PMMA) composites. Tensile strength/flexural strength improved with increase in 

pristine UHMWPE fiber content till 20 wt.%; beyond this, the properties deteriorated. Further, 

composites reinforced with 20 wt.% treated UHMWPE fibers and 20 wt.% silica particles 

exhibited 87.5% and 97% increase in tensile strength and flexural strength respectively over 

pristine PMMA. Surface modification enhanced the average surface roughness of UHMWPE from 

200 nm (pristine fibers) to 879 nm (surface treated for 15 min). XPS analysis confirmed that 

oxygen-containing groups increased on the treated UHMWPE fiber surface. This had the most 

decisive impact to strengthen the bond between UHMWPE fibers and epoxy.  

Li et al. (2017) [106] explored the effect of reinforcing surface treated UHMWPE fibers (0.1–0.5 

wt.%; increment of 0.1 wt.%.) on the performance of epoxy composites. Addition of both, treated 

as well as untreated fibers to the pristine epoxy resulted in reduced tensile strength due to random 

dispersion of fibers. This caused stress concentration leading to premature failure of composites. 
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ILSS increased with increase in UHMWPE fiber loading till 0.3 wt.%. ILSS of 0.3 wt.% surface 

treated UHMWPE fibers/epoxy composites was 129.40 MPa, an improvement of 7% and 27% as 

compared to pristine epoxy and pristine UHMWPE fiber reinforced epoxy composites 

respectively. Pristine UHMWPE fiber reinforced epoxy composites showed crack propagation 

through the epoxy matrix and also de‐bonding of fibers at the interface. SEM micrographs revealed 

that treated UHMWPE fiber/epoxy composites exhibited a closely packed fiber-matrix interfacial 

bonding.  

Tang et al. (2017) [107] investigated the effect of reinforcing alkali treated UHMWPE fibers on 

the ILSS of polyimide (PI) composites. For alkali treatment, 20 wt.% of NaOH solution was used 

(treatment time: 5, 10, and 15 min). Tensile strength, tensile modulus, and ILSS of PI composites 

reinforced with treated UHMWPE fibers for 5 min improved by 14%, 17%, and 6% respectively 

(compared to pristine UHMWPE fiber reinforced PI composites). Increase in treatment time (10 

min and 15 min) deteriorated the tensile properties and ILSS due to formation of conglomerate 

and non-uniform dispersion of fibers, reducing the integrity of composite.  

Jin et al. (2016) [108] examined the influence of compatibilized UHMWPE woven fabric on the 

performance of epoxy composites. Plasma treatment and pyrrole treatment were utilized for 

surface treatment. Vacuum assisted resin transfer moulding was used for processing of composites. 

Combination of plasma treatment followed by pyrrole grafting showed the best mechanical 

performance which had increased the average roughness of fibers from 0.095 𝜇m to 0.371 𝜇m. 

IFSS, compressive strength, and bending strength of epoxy composites reinforced with modified 

UHMWPE fibers (combination treatment) improved by 848%, 54%, and 44% respectively 

(compared to composite reinforced with pristine UHMWPE fibers). The results showed that 

hydrogen-bonding interaction between plasma treated UHMWPE and pyrrole improved the fiber-

matrix-fiber load transfer process. Thus, mechanical performance of composite enhanced.  

Li et al. (2016) [109] observed the influence of reinforcing surface modified (chromic acid treated) 

UHMWPE fibers on the tensile strength, modulus, elongation at break of UHMWPE fibers. Dip 

coating was used for surface modification. Modified UHMWPE fibers showed degradation in 

tensile strength and elongation at the break by 6.87 % and 8.29 % respectively as compared to 

pristine fibers. However, tensile modulus enhanced by 21.66%. Chromic acid effectively modified 

the surface of UHMWPE fibers. The surface of fibers became rough with and long grooves (Figure 

2.6). Treated UHMWPE fibers caused chain scission of macromolecules resulting in lower 
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molecular weight and strength. Consequently, the flexibility decreased. The existence of oxygen 

on the surface started cross-linking. Thus, chain movement was constrained and resulted in 

decreased elongation at break after surface modification. 

 

Figure 2.6. SEM micrographs of UHMWPE fibers (a) pristine, and (b) chromic acid treated [109]. 

 

Ahmadi et al. (2015) [110] investigated the effect of addition of carbon nano-fibers (0.5, 1.0, 1.5, 

and 3 wt.%) on the performance of epoxy/UHMWPE composites. UHMWPE fibers were used in 

a fixed loading of 2.2 wt.%. UHMWPE fiber surface was modified using glycidyl methacrylate 

(GMA). Nanocomposite reinforced with 1.0 wt.% carbon nano-fibers and 2.2 wt.% GMA treated 

UHMWPE fibers showed 119% and 98% improvement in tensile and flexural strength respectively 

(over pristine epoxy). Addition of carbon nano-fibers and surface modified UHMWPE fibers 

strengthened the bonding among constituents and provided more resistance to crack initiation and 

propagation. 

Firouzi et al. (2014) [111] examined the influence of nylon coating on the toughness and tensile 

strength of UHMWPE fibers evaluated at three different temperatures (25 ℃, 50 ℃, and 70 ℃). 

Nylon coating improved the tensile strength of UHMWPE fibers, however, with increase in 

coating temperature, the tensile strength decreased. Highest tensile strength was 17% higher than 

that of pristine UHMWPE fibers observed for nylon coated UHMWPE fibers coated at 25℃. 

Toughness increased after nylon coating and with increase in coating temperature, toughness 

further improved. Highest toughness was 169% higher than that of pristine UHMWPE fibers 

observed for nylon coated UHMWPE fibers at 70 ℃. Flexibility and ductile nature of nylon were 

attributed for improved toughness. 
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Broujerdi et al. (2013) [112] investigated the effect of reinforcing surface modified UHMWPE 

fibers on the performance of epoxy/UHMWPE composites. Glycidyl methacrylate (GMA) 

treatment was used for surface modification. GMA was grafted on UHMWPE fibers in three 

different weight percentage for processing of composites (11 wt.% GMA grafted UHMWPE 

fibers, 25 wt.% GMA grafted UHMWPE fibers, and 40 wt.% GMA grafted UHMWPE fibers). 

Epoxy composite reinforced with 11 wt.% GMA grafted UHMWPE fibers showed the highest 

improvement in toughness (19% higher than pristine fibers reinforced composite) and tensile 

strength (47% higher than pristine fiber reinforced composite). SEM/FTIR analysis confirmed that 

GMA grafting on the surface of UHMWPE fibers added functional groups which resulted in strong 

chemical bonds between epoxy and surface modified UHMWPE fibers.  

Li and Chen (2012) [113] examined the influence of reinforcing maleic anhydride (MAH) grafted 

high density polyethylene (HDPE) granules on the tensile strength/impact strength of clay 

reinforced polyetherimide (PEI) composites. Nanoclay was used in the range of 1–9 wt.%, with an 

increment of 2 wt.%. Tensile strength improved by 33% with addition of 9 wt.% nanoclay. 

Addition of MAH-HDPE showed further improvement (75%) in clay/PEI composites. Impact 

strength increased with addition of nanoclay to the PEI matrix (from 45 to 50 kJ/m2). Addition of 

MAH-HDPE further increased the impact strength (to 65 kJ/m2). 

Wang et al. (2006) [114] investigated the influence of reinforcing UV-assisted acrylamide (AM) 

grafted UHMWPE fibers on the performance of epoxy based and vinyl ester based composites. 

Surface modified UHMWPE fiber reinforced epoxy resin showed higher improvement in single 

fiber pull-out strength (49% higher than pristine fiber reinforced epoxy composite) as compared 

to modified UHMWPE fiber reinforced vinyl ester. Improvement in interlaminar shear strength 

(ILSS) was almost same for both type of composites. ILSS of modified UHMWPE fiber reinforced 

epoxy and vinyl ester composites improved by 114% and 116% respectively as compared to 

pristine UHMWPE fiber reinforced epoxy and vinyl ester composites respectively.  

A summary of additional literature available on UHMWPE fiber reinforced epoxy nanocomposites 

is presented in Table 2.2. 

 

 

 



26 
 

Table 2.2. Summary of literature on UHMWPE fiber reinforced epoxy nanocomposites. 

S.No. Composition Effect on mechanical properties and underlying 

mechanisms/reasons for change in properties 

References 

1.  Matrix: Epoxy 

Reinforcement: 

UHMWPE 

fibers/particles 

Authors investigated the influence of reinforcing 

UHMWPE fillers on properties of epoxy composites. 

Reinforcement of pristine UHMWPE fibers to epoxy 

resulted in decreased mechanical performance owing to 

exceptionally smooth and chemically inert surface of 

UHMWPE fibers which resulted in a weak bond between 

UHMWPE and epoxy. Addition of compatibilized 

UHMWWPE fillers showed superior performance (tensile 

and flexural properties, impact strength, pull-out strength, 

tribological properties, and interlaminar shear strength). 

Main factors affecting the properties included wettability, 

curing schedule, and interfacial bonding between matrix-

reinforcement. Surface modification increased the oxygen 

groups on surface of UHMWPE increasing its wettability 

and intensity of polar groups on fiber surface. 

Gutowski et al. 1993 

[115]; Ogawa et al. 

2000 [116]; Arshad et 

al. 2020 [117]; 

Belgacemi et al. 2020 

[118]; Han et al. 2020 

[119]; Wang et al. 

2020 [120]; Yan et al. 

2020 [121]; Chhetri et 

al. 2021 [122]; Pundhir 

et al. 2021 [123]; Tian 

et al. 2021 [124]; Wu 

et al. 2021 [125]; Guo 

et al. 2022 [126]; Wu 

et al. 2022 [127] 

2.  Matrix: Epoxy 

Reinforcements: 

UHMWPE 

fibers/particles 

and nano-filler 

(graphene oxide, 

silicon carbide, 

aluminium oxide 

etc.) 

Authors examined the combined effect of reinforcing 

compatibilized UHMWPE fillers and a separate nano-filler 

on the properties of epoxy composites. Reinforcement of 

these fillers in the pristine state deteriorated the properties 

of resulting composites. To improve the overall 

performance, both UHMWPE fibers and the nano-filler 

were subjected to surface modification. For UHMWPE, 

silanization, MAH grafting, plasma treatment, chromic acid 

treatment, potassium permanganate treatment, or 

combination of these treatments is reported. For nano-

fillers, generally silanization technique is used. 

Reinforcement of compatibilized UHMWPE fibers and 

nano-fillers improved the tensile and flexural properties, 

impact strength, and interlaminar shear strength of resulting 

epoxy nanocomposites. Compatibilization of fillers formed 

hydrogen bonding between constituents of nanocomposite 

system resulting in formation of a polymer network. The 

dispersed nano-fillers bear the load applied on the matrix 

along with the fibers. The other mechanisms reported are 

matrix-cracking, fiber necking and breaking, shear yield 

deformation etc.  

Glass transition temperature and storage modulus also 

improved with addition of compatibilized fillers due to 

restriction in polymer chain movement. 

Ahmadi et al. 2016 

[128]; Belgacemi et al. 

2020 [129]; Liu et al. 

2020 [130]; 

Shanmugam et al. 

2020 [131]; 

Shanmugam et al. 

2020 [132]; Belgacemi 

et al. 2021 [133]; 

Belgacemi et al. 2021 

[134]; Chhetri et al. 

2021 [122]; Mehelli et 

al. 2022 [135]; Zhang 

et al. 2022 [136] 

 

 

2.4  Para-aramid fiber reinforced polymer composites  

Alsaadi (2022) [137] examined the effect of adding silicon carbide (5–20 wt.%; increment of 5 

wt.%.) having particle size of 35 𝜇𝑚 on the fracture toughness and flexural properties of 

carbon/aramid epoxy composites. Carbon fiber/silicon carbide epoxy composites showed better 

performance than aramid fiber/silicon carbide epoxy composites. Epoxy composites reinforced 

with carbon fiber mat (weight percent varied between 55−60 wt.%) and 5 wt.% silicon carbide 
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showed the highest improvement in properties. Fracture toughness improved from 1515 to 2034 

J/m2. Flexural strength and modulus increased from 645 MPa and 45.3 GPa to 680 MPa and 48.4 

GPa, respectively. Addition of silicon carbide particles improved the bonding between 

carbon/aramid fibers and epoxy matrix.  

Zuo et al. (2022) [138] examined the influence of reinforcing polyarylene ether nitrile terminated 

with phthalonitrile (PEN-t-Ph) of different molecular weights on the performance of aramid fiber 

reinforced/PEN-t-Ph composites. Hand lay-up assisted hot pressing was used for fabricating 

composites. Dip coating was used for surface modification of aramid fibers with PEN-t-Ph. Sample 

coding used was PEN a, PEN b, PEN c, and PEN d with decreasing molecular weights. PEN-t-Ph 

modified aramid fiber reinforced/PEN c composites showed the best performance. Impact strength, 

flexural strength, and IFSS improved by 43%, 47%, and 95% respectively as compared to the 

lowest values among all the four samples. The lower molecular weight of PEN-t-Ph resin increased 

the collision probability of modified aramid fibers and PEN-t-Ph resin. Thus, a more stable cross-

linked structure was formed.  The lower molecular weight of PEN-t-Ph resin had more fluidity and 

easily penetrated between the fibers during the processing of laminates. If the molecular weight of 

PEN-t-Ph resin was low, it decreased the entanglement of molecular chains. Consequently, the 

interfacial compatibilization was reduced between constituents.  

Li et al. (2021) [139] examined the influence of reinforcing compatibilized para-aramid fibers on 

the mechanical properties of epoxy composites. Vacuum assisted resin infusion moulding 

(VARIM) was used for processing of epoxy composites. Two different surface modification 

techniques were used for para-aramid fibers, (a)  epichlorohydrin coating (EH) and (b) 

epichlorohydrin coating followed by poly(propylene glycol) bis(2-aminopropyl ether) (EHPEA). 

Surface modification with EH resulted in formation of epoxy group on the para-aramid surface. 

Further, poly(propylene glycol) bis(2-aminopropyl ether) treatment increased the reactive 

functional groups  (oxygen and nitrogen content) on the surface of para-aramid fibers, and thus, 

increased the polarity between para-aramid fibers and epoxy. Consequently, compatibilized para-

aramid fibers reinforced epoxy composites exhibited better mechanical performance. Epoxy 

composites reinforced with epichlorohydrin coating followed by poly (propylene glycol) bis (2-

aminopropyl ether) coating para-aramid fibers showed 29% and 24% improvement in IFSS and 

flexural strength respectively over pristine para-aramid fiber reinforced epoxy composites. 
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Khan et al. (2021) [140] evaluated the effect of adding micro-silica particles and glass 

microspheres separately on the performance of para-aramid fiber reinforced polyvinyl butyral 

composites. Concentration of particles was varied from 1–4 wt.% with increment of 1 wt.%. 

Flexural strength increased with both the particles till the maximum loading of 4.0 wt.% (86% and 

143% improvement with glass microspheres and micro silica particles respectively). Flexural 

modulus increased till 3 wt.% (144% and 137% improvement with glass microspheres and micro 

silica particles respectively). Maximum improvement in Charpy impact strength was observed in 

polyvinyl butyral composites reinforced with para-aramid fiber and 3 wt.% glass microspheres 

(from 30.6 to 53.86 kJ/m2). Fiber breakage and delamination mechanisms during fracture resulted 

in improved mechanical performance.  

Lin et al. (2020) [141] studied the influence of reinforcing compatibilized para-aramid fibers on 

the performance of rubber composites. Para-aramid fibers were pre-treated with calcium chloride 

and sodium hydroxide solutions. Two different methods were used for surface modification of 

para-aramid fibers, (a) silanization, and (b) in-situ silica modification. Rubber composites 

reinforced with surface modified para-aramid fibers (pre-treatment followed by silanization) 

showed the highest tensile strength and DIN abrasion. Tensile strength and DIN abrasion improved 

by 32% and 16% respectively over rubber composite reinforced with pristine para-aramid fibers. 

The presence of reactive functional groups on the surface of treated para-aramid fibers enhanced 

the interfacial bonding among constituents of composite system. 

Lu et al. (2018) [46] evaluated the influence of reinforcing surface modified para-aramid fibers 

on the performance of epoxy sheets. Para-aramid fibers were treated with phosphoric acid solution 

of various concentrations viz. 10, 20, 30, and 40 wt.% at 40 ℃ for 2h followed by vacuum drying 

at 105 ℃  for 4h. Tensile strength of compatibilized para-aramid fiber (20% concentration) 

reinforced epoxy sheet improved from 2.41 to 3.41 kN/m2 (increment of 42%). Tensile strength 

enhanced due to improved interfacial bonding between para-aramid fibers and epoxy after 

functionalization of para-aramid fibers. This was owing to formation of carboxyl and amino groups 

(confirmed by FTIR analysis). The functionalization of para-aramid fibers made the surface rough 

which resulted in mechanical interlock effect (Figure 2.7). 
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Figure 2.7. SEM micrographs of para-aramid/epoxy sheet (a) having pristine para-aramid fibers, and (b) 

having phosphoric acid treated para-aramid fibers [46]. 

 

Yang et al. (2018) [142] evaluated the effect of reinforcing aramid nanofibers on the properties of 

para-aramid paper. Hand sheets forming technique was used for fabricating paper. Addition of 6.0 

wt.% aramid nanofibers enhanced the ultimate tensile strength and dielectric strength by 145% 

and 44% respectively as compared to pristine para-aramid paper. Properties improved owing to 

improved interfacial bonding of aramid nanofibers acting as the bridging binders, fillers, inlaying 

nails, and self-assembly fragmented films. Aramid nanofiber reinforced paper was a light-weight 

material exhibiting good heat resistance, insulating properties, tensile strength. 

Fan et al. (2018) [143] investigated the influence of reinforcing low temperature plasma treated 

para-aramid fibers on the interfacial shear strength (IFSS) of epoxy composites. Orthogonal array 

experimental design was used for identification of optimum conditions for treatment. Sixteen 

different combinations were used for surface modification of aramid fibers. The decreasing order 

of different parameters affecting the IFSS of modified para-aramid fiber reinforced epoxy 

composites included treatment power (67.5 W), treatment time (11 min), and treatment pressure 

(2500 Pa). IFSS of epoxy composites reinforced with para-aramid fibers treated under optimum 

conditions increased by 36% as compared to pristine para-aramid fiber reinforced epoxy 

composites. For the treated fibers reinforced in composites, interfacial interaction improved due 

to Vander Waals’ forces, interfacial friction, and chemical bonding. 

Akhil et al. (2016) [144] observed the effect of adding para-aramid fibers (30.0, 35.0, and 40.0 

wt.%) using VARIM technique on the performance of epoxy composites. Epoxy composite 

reinforced with 35 wt.% para-aramid fibers showed the best tensile strength (6% higher than 
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pristine epoxy) and hardness (18% improvement) and that reinforced with 30 wt.% para-aramid 

fibers showed the best impact strength (29% improvement).  

Deng et al. (2016) [145] investigated the influence of surface treatment of para-aramid fibers by 

sulphuric acid under microwave irradiation on the breaking strength of fibers. Aramid fibers were 

dipped in sulfuric acid solution of various concentrations viz. 5, 10, 20, 30, 40, and 50 g/L for a 

fixed time period of 4 min. Breaking strength of fibers deteriorated after sulphuric acid treatment. 

The loss of strength was marginal till 20.0 g/L concentration (only 7% drop in strength), but 

beyond this level, the strength decreased significantly. Decrease in breaking strength was 

associated with the etching effect of sulfuric acid. 

 

Figure 2.8. SEM micrographs of para-aramid fibers (a and c) pristine, and (b and d) direct fluorinated [146]. 

 

Peng et al. (2012) [146] evaluated the influence of reinforcing compatibilized para-aramid fibers 

on the ILSS and tensile strength of epoxy composites. Direct fluorination technique was used for 

surface treatment of fibers. Para-aramid fibers were used in fixed quantity of 65 wt.%. ILSS and 

tensile strength of epoxy composite reinforced with fluorinated para-aramid fibers improved from 

42.2 to 56.2 MPa (33% higher) and 2089 to 2340 MPa (12% higher) respectively as compared to 
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epoxy composite reinforced with pristine para-aramid fibers. Difference in the surface of pristine 

and fluorinated para-aramid fibers was easily observable (Figure 2.8). Fluorination did not damage 

the fiber surface, though formation of gibbous particles was observed (Figure 2.8b). In contrast to 

other treatments, at higher magnification, fluorinated para-aramid fibers showed a smoother 

surface (Figure 2.8d) as compared to pristine fibers (Figure 2.8c) owing to formation of a thin layer 

around para-aramid fibers after fluorination. Fluorination was able to activate the surface of para-

aramid fibers owing to which a better interface developed between epoxy and para-aramid fibers. 

 

Figure 2.9. SEM micrographs of para-aramid fibers (a) pristine, (b) treated with 1 wt.% phosphoric acid, (c) 

treated with 10 wt.% phosphoric acid, and (d) treated with 35 wt.% phosphoric acid [147]. 
 

Park et al. (2002) [147] examined the influence of reinforcing surface modified para-aramid fibers 

using hot press with vacuum bagging on the performance of epoxy composites. Different 

concentrations of phosphoric acid were used for surface modification (1, 10, and 35 wt.%). 

Maximum improvement in interlaminar shear strength (82%) and fracture toughness (71%) was 

observed for nanocomposite reinforced with 10 wt.% phosphoric acid treated para-aramid fibers. 

SEM micrographs of surface of pristine and 1 wt.% phosphoric acid treated para-aramid fibers did 

not show any significant changes (Figure 2.9a–b). However, 10 wt.% phosphoric acid treated para-

aramid fibers effectively made the surface of fiber rough (Figure 2.9c) which resulted in improved 

interfacial bonding. The surface of 35 wt.% phosphoric acid treated para-aramid fibers was more 

rough (Figure 2.9d) but at the same time it deteriorated the properties of fibers owing to excess 

concentration of phosphoric acid. Thus, mechanical properties exhibited by 35 wt.% phosphoric 
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acid treated para-aramid fibers reinforced epoxy composites deteriorated. Impact strength of 

phosphoric acid treated para-aramid fiber reinforced epoxy composites was less than that of 

pristine para-aramid fiber reinforced composites owing to increased impact stiffness resulting in 

more brittle behavior of composites. 

A summary of additional literature available on para-aramid fiber reinforced epoxy 

nanocomposites is presented in Table 2.3. 

Table 2.3. Summary of literature on para-aramid fiber reinforced epoxy nanocomposites. 

S.No. Composition Effect on mechanical properties and underlying 

mechanisms/reasons for change in properties 

References 

1.  Matrix: Epoxy 

Reinforcement: 

Para-aramid 

fibers 

Addition of pristine para-aramid fibers to epoxy resin resulted 

in deteriorated mechanical properties due to high crystallinity, 

surface smoothness, surface inertness, and less polar groups 

availability resulting in weak interface between para-aramid 

fibers and epoxy resin. The fibers detached from epoxy matrix 

owing to weak interfacial bonding between them. 

Reinforcement of surface modified para-aramid fibers showed 

improvement in interfacial shear strength, tensile and flexural 

properties, impact strength, and pull-out strength. Surface 

modified fibers added more polar groups and grooves on the 

fiber surface. Polar groups increased oxygen contacting groups 

and resulted in higher fiber surface energy causing increased 

wettability.  

Shu-hui et al. 2006 

[148]; Zhang et al. 

2008 [149]; Zhang 

et al. 2008 [150]; 

Gu et al. 2012 

[151]; Gao et al. 

2013 [152]; Zhao et 

al. 2013 [153]; 

Cheng et al. 2016 

[154]; Deng et al. 

2017 [50]; Cheng et 

al. 2018 [155]; 

Moraes et al. 2020 

[156]; Li et al. 2021 

[139]; Zhang et al. 

2021 [157] 

2.  Matrix: Epoxy 

Reinforcements: 

Para-aramid 

fibers and nano-

fillers (graphene 

oxide, silicon 

carbide, carbon 

nanotubes etc.) 

Addition of nano-fillers (graphene oxide, silicon carbide, 

carbon nanotubes etc.) marginally improved the mechanical 

performance of para-aramid fiber reinforced epoxy 

nanocomposites. For further enhancement in properties, para-

aramid fibers and/or nano-fillers were subjected to surface 

modification for improving the interfacial interaction with other 

constituents of the nanocomposite system. Para-aramid fibers 

were compatibilized with different surface modification 

treatments including poly-p-paraphenylene terephthalamide 

treatment, dopamine treatment, fluorination, plasma treatment 

etc. Composites containing both the compatibilized 

reinforcements showed highest mechanical properties. 

Compatibilization of fillers enhanced active functional groups 

on fibers and also their surface roughness. This resulted in 

strong chemical bonding and robust mechanical interlocking 

between para-aramid fibers and epoxy matrix. Generally, three 

types of failures are witnessed: (i) resin failure, (ii) fiber failure, 

and (iii) adhesion failure of interface layers. Compatibilized 

para-aramid fibers changed the fracture from clean shear (with 

pristine fibers) to shear and peal. Presence of nano-filler 

boosted further the bond strength between fibers and epoxy 

resin.  

Bilisik et al. 2018 

[158]; Cheng et al. 

2018 [155]; Bilisik 

et al. 2019 [159]; 

Gong et al. 2019 

[160]; Suresh et al. 

2020 [161]; 

Obradović et al. 

2021 [162]; Zhang 

et al. 2021 [157]; 

Zhang et al. 2021 

[163] 
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2.5  Spandex fiber reinforced polymer composites  

Lei et al. (2021) [164] investigated the influence of grafting of carbon nanotubes/silver 

nanoparticles on the sensitivity of spandex fiber strain sensor. The surface of spandex fibers was 

modified with a solution prepared by mixing carbon nanotubes (5 mg/ml), sodium dodecyl 

benzene sulfonate (8 mg/ml), Ag nanoparticles (50 mg/ml), polystyrene sulfonic acid, and polymer 

polyvinyl alcohol respectively. The said solution was prepared using a magnetic stirrer and an 

ultrasonicator. The dipping and drying process was repeated about 20 times. When the strain 

sensor was stretched in the range of 0–20%, the strain sensitivity reached up to 58.5, which was 5 

times higher than the strain sensor made of only carbon nanotubes. The sensor could detect 

mechanical strains as small as 0.053% with a very short response time of 42 ms. Carbon 

nanotubes/silver nanoparticles were uniformly distributed on the surface of spandex fibers as 

shown in Figure 2.10. The coating was strongly bonded to spandex fibers and didn’t detach. Thus, 

these sensors could easily be sewn into gloves, clothes etc. 

 

Figure 2.10. SEM micrographs of spandex fibers (a) pristine, and (b) carbon nanotubes/silver nanoparticles 

grafted [164]. 

 

Ali et al. (2021) [165] examined the effect of grafting carbon nanotubes (CNTs) on the electrical 

conductivity of Nylon 6/Spandex fibers. Dip coating was used for surface modification of Nylon 

6/Spandex fibers. The fibers were pre-treated with sodium hydroxide before grafting the CNTs. 

This pre-treatment etched the surface of Nylon 6/Spandex fibers which helped in more effective 

grafting of CNTs owing to mechanical interlocking. CNTs were dispersed in distilled water and 

pH of solution was maintained around 6.5 pH with the help of acetic acid. Nylon 6/Spandex fibers 

were dispersed in this solution for 30 min at room temperature followed by drying at 50 ℃. This 

process was repeated for 5, 10, 15, and 20 times. It was revealed that electrical resistivity decreased 
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(from 260 Ω.m for 5 dipping cycles to 50 Ω.m for 20 dipping cycles) with increase in number of 

dipping cycles due to grafting of the conductive CNTs on the surface of Nylon 6/Spandex yarn. 

Durability of modified Nylon 6/Spandex fibers was checked by severe washing with water. Minor 

changes were observed in resistivity before and after severe washing, which was negligible. This 

suggested that CNTs strongly adhered to the fibers and did not detach even with severe washing.  

Chen et al. (2020) [166] examined the effect of carbon nanotubes (CNT)/ultra-thin polyurethane 

coating on the strain sensing performance of spandex fibers. CNT loading was varied from 1–5 

wt.% with increment of 1 wt.%. 1-pyrenecarboxylic acid treatment was used for surface 

modification of CNTs. CNTs/polyurethane suspension was prepared with the help of an 

ultrasonicator (40 kHz; 2 h at room temperature). A spin coater was used for grafting on the surface 

of spandex fibers. Two different types of coatings were used for grafting on spandex fibers: (a) 

CNTs/polyurethane coating, and (b) modified CNTs/polyurethane coating. It was observed that 

electrical conductivity increased with increase in CNT loading till the maximum value of 5 wt.%. 

Modified CNTs/polyurethane coated spandex fibers showed more electrical conductivity as 

compared to CNTs/polyurethane coated spandex fibers.  Modified spandex fibers exhibited large 

workable strain, high sensitivity, excellent repeatability, and stability. Sensors fabricated with 

modified spandex fibers demonstrated high sensitivity over a wide working range. Modified 

CNTs/polyurethane coated spandex fibers exhibited gauge factor of 6.7 and 14191.5 at strains of 

0–20% and 170–200% respectively. The relative resistance of samples with spandex fibers came 

out to be approximately constant with time for bending motion (∆𝑅/𝑅~55%).  

Vo et al. (2020) [167] examined the influence of addition of  graphene and silver nanowires on the 

properties of spandex composites for preparing highly stretchable strain sensors. N,N-

dimethylformamide and graphene suspension (1.2 mg/mL) was prepared. Spandex fibers were 

dispersed in suspension (400 rpm, 12h, 80 ℃). Now, silver suspension (0.5 wt.% in isopropyl 

alcohol) was put in this suspension (400 rpm, 12h, 80 ℃).   This final suspension was poured in a 

mould, dried at 60 ℃, and composite film having thickness of 50 𝜇m was prepared. The fabricated 

strain sensor could experience large strains till 120% and low hysteresis with a high gauge factor 

(150.3) at a strain of 120%. The prepared sensors found applications in observing human motions 

(body movements, heart rate etc.). 

Kong et al. (2018) [168] examined the influence of combined addition (5–20 wt.%; increment of 

5 wt.%.) of reduced graphene oxide and acid treated carbon nanotubes on the super-stretchability 
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and electrical conductivity of spandex composite membranes. Graphene oxide was synthesized 

using modified Hummers method. CNTs were treated in a solution containing equal amounts of 

nitric acid and sulphuric acid. Acid treated CNTs (0.75 mg/mL, 120 ml) and graphene oxide (0.5 

mg/mL, 60 ml) in aqueous solution were ultrasonicated individually for 1h each.  Now both 

solutions were mixed and pH of solution was maintained at 10 by addition of potassium hydroxide. 

After this, hydrazine (300 mg) was added. The prepared solution was mixed for 3.5 h at 95 ℃. The 

suspension was washed until a constant pH was obtained. The obtained black precipitate was 

mixed ultrasonically for 30 min and solution-casting method was used for fabricating composites. 

Maximum stretchability (elongation at break: 387%) and electrical conductivity (49.5 Scm-1) were 

achieved at 20 wt.%.  The modified CNTs attached on the surface of graphene oxide. It signified 

that modified CNTs could act as a steric interruption to inhibit the aggregation of graphene oxide 

(Figure 2.11).  A 3D network was formed by the overlap of CNTs and graphene oxide. This could 

facilitate fabrication of electrically conductive composite. 

 

Figure 2.11. TEM micrographs of CNT/graphene oxide precipitate [168]. 

 

Chen et al. (2018) [169] investigated the influence of CNT/polyurethane coating on the properties 

of spandex fibers used for strain sensing applications. CNT loading varied from 1–5 wt.% with 

increment of 1 wt.%. CNTs were put in dimethylformamid and sonicated for 2h at room 

temperature. Polyurethane granules were dispersed in CNT suspension with the help of a magnetic 

stirrer for 1h. The suspension (containing thermoplastic polyurethane) was sonicated for 2h and 

dried at 80 ℃ for 24h. This prepared suspension was coated on spandex fibers with the help of a 

spray coater. The process was repeated for 1, 2, 3, 4, and 5 times. Electrical conductivity increased 

with increase in CNT loading. Maximum electric conductivity was observed for spandex fibers 
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coated with 5 wt.% CNT/polyurethane coating. Conductivity also increased with increase in 

number of coats due to more grafting of CNTs on the surface of spandex fibers (Figure 2.12).  

 

Figure 2.12. SEM micrographs of spandex fibers (a) pristine, (b) after 1 coating, (c) after 3 coatings, and 

(d) after 5 coatings [169]. 

 

Sun et al. (2012) [170] examined the effect of reinforcing spandex fibers (20, 40, and 60 vol.%) 

on the tensile properties of epoxy composite. The different loading of spandex fiber used was 20%, 

40%, and 60 vol.%.  20 vol.% spandex fiber reinforced epoxy composites showed 50%, 28%, and 

16% improvement in tensile stress, Young’s modulus, and fracture strain respectively (over virgin 

epoxy). Increase in spandex loading beyond 20 vol.% resulted in deterioration of tensile properties 

due to low modulus and intensity of spandex fibers. At lower spandex loading, fibers acted as 

crack stoppers.  

Sun et al. (2012) [171] examined the influence of reinforcing acid treated CNTs on spandex fiber 

reinforced epoxy composites. Loading of carbon nanotubes varied as 0.6, 1.0. 1.5, 2.5, and 4.5 

wt.%. Elastic modulus of CNT (4.5 wt.%) reinforced spandex fiber/epoxy composite was 
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maximum (improved by 300% as compared to spandex fiber/epoxy composite without CNTs). 

Maximum tensile strength was shown by CNT (0.6 wt.%) reinforced spandex fiber/epoxy 

composite (improved by 67%). The increased loading of CNT in epoxy resin increased the 

viscosity of the epoxy/CNT/spandex fiber suspension owing to which removal of entrapped air 

from suspension became difficult and some air bubbles remained entrapped in the nanocomposite. 

These entrapped air bubbles acted as stress concentrators and pre-mature failure of material 

occurred. 

A summary of additional literature available on spandex fiber reinforced nanocomposites is 

presented in Table 2.4. 

Table 2.4. Summary of literature on spandex fiber reinforced nanocomposites. 

S.No. Composition Effect on mechanical/electrical properties and underlying 

mechanisms/reasons for change in properties 

References 

1.  Spandex fiber 

related or 

spandex fiber 

reinforced 

composites 

Most of the literature available on spandex fibers or spandex fiber 

reinforced composites discusses electric conductivity, sensitivity 

strain range etc. These materials find applications in the field of 

sensors for monitoring human motions. Different nano-fillers 

(carbon nanotubes, silver nano-particles, graphene, and graphene 

oxide etc.) are grafted on the surface of the spandex fibers to make 

them conductive for sensor related applications. Spandex fiber 

based sensors offer high sensitivity, workable strain range, 

excellent repeatability, long-term stability, low weight, and 

flexibility. 

Some authors have grafted polyaniline on spandex fibers to be 

used as humidity sensor. Currently, efforts have been made by 

various researchers for making wearable sensors from spandex 

based sensors. 

Sun et al. 2015 

[172]; Foroughi et 

al. 2016 [173]; 

Yang et al. 2017 

[174]; Guo et al. 

2018 [175]; 

Montazerian et al. 

2019 [176]; Bi et 

al. 2021 [177]; 

Myant et al. 2022 

[178] 

 

 

2.6  Multi filler-reinforced polymer composites  

Gokuldass and Ramesh (2019) [179] investigated the effect of modifying the epoxy resin with 

micro-rubber and nano-silica on the mechanical properties of woven fabric glass/Kevlar based 

hybrid composites. Eight layers of weaved fiber were used for fabricating the nanocomposite 

sheets. Three stacking sequences [GG-KK-KK-GG], [GG-KK-GG-KK], and [GG-GG-KK-KK] 

were used. Nine sets of hybrid E-glass/Kevlar weaved fibers were made with virgin epoxy, epoxy 

blended micro-rubber (9 wt.%) and nano-silica (11 wt.%), and epoxy with micro rubber (9 wt.%) 

to form hybrid composites. Addition of nano-silica in epoxy composites provided maximum 

tensile strength of 275 MPa (improved by 40%) as compared to pristine epoxy. Epoxy/micro-

rubber composites exhibited higher fracture toughness compared to virgin epoxy and epoxy/micro-

rubber/nano-silica composites.  The stacking sequence of GG/GG/KK/KK provided superior 
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mechanical properties than other stacking sequences. The pristine epoxy did not adhere effectively 

to the glass/Kevlar fiber which caused pre-mature failure. Addition of nano-silica particles resulted 

in formation of more bonding sites between epoxy resin and glass/Kevlar fibers resulting in higher 

mechanical properties. 

Gokuldass and Ramesh (2019) [180] examined the outcome of modifying epoxy resin with 

micro-rubber and nano-silica on the mechanical properties of intra-ply and mono-fiber woven 

glass/Kevlar fabric based hybrid composites. Epoxy resin was modified with 9 wt.% of micro-

rubber and 11 wt.% of nano-silica. Epoxy resin modified with rubber and nano-silica and 

reinforced with intra-ply woven mat showed maximum improvement in fracture toughness (from 

9.5 to 48.5 MPa). Tensile strength and modulus improved by 71% and 73% respectively over the 

pristine epoxy. Epoxy nanocomposite reinforced with intra-ply woven fiber mat showed higher 

mechanical performance than epoxy nanocomposite reinforced with mono fiber woven mat. This 

improvement was due to intra-ply fibers which offered more barrier layers.  

 

Figure 2.13. SEM micrographs of PET fibers at X500 (a) pristine PET fibers, (b) MS treated PET fibers, and 

(c) VS treated PET fibers [34]. 
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Singh et al. (2017) [34] investigated the effect of adding compatibilized polyethylene terephthalate 

(PET) fibers as micro-reinforcement on the impact strength of epoxy based GFRPs containing 1 

phr nanoclay as the nano-reinforcement. Two separate methods, (i) silane treatment, and (ii) UV-

assisted maleic anhydride (MAH) grafting were used for compatibilization of PET fibers. Silane 

agents used were γ-methacryloxypropyltrimethoxysilane (MS) and vinylytriethoxysilane (VS). 

Epoxy based GFRPs were prepared using vacuum-assisted hand lay-up technique. Grafting of 

silane agents on PET fibers was confirmed by SEM-EDS. SEM micrographs showed that the 

surface of pristine fibers was smooth (Figure 2.13). However, the surface of silane treated PET 

fibers was relatively rough. EDS analysis confirmed the presence of silicon on the surface of silane 

treated PET fibers. Addition of 1 phr nanoclay to epoxy based GFRPs improved impact strength 

by only 4% over the GFPR with no nanoclay. Addition of pristine PET fibers (1, 2, and 3 phr) to 

epoxy based GFRP having 1 phr nanoclay deteriorated the impact strength owing to lack of 

compatibility among the constituents of composite system. Addition of 2 phr MS treated PET 

fibers, VS treated PET fibers, and MAH grafted PET fibers to epoxy based GFRP (containing 1 

phr nanoclay) improved the impact strength by 12%, 19%, and 8% respectively over GFRP with 

no nanoclay. Improvement in impact strength was obtained due to increased interfacial interaction 

among various constituents after compatibilization. 

Singh et al. (2017) [32] investigated the effect of reinforcing compatibilized polypropylene (PP) 

fibers as micro-reinforcement on the impact strength of epoxy based GFRPs containing 1 phr 

nanoclay as the nano-reinforcement. Two different methods (i) silane treatment, and (ii) UV-

assisted maleic anhydride (MAH) grafting were used for compatibilization of PET fibers. Silane 

agents used were γ-methacryloxypropyltrimethoxysilane (MS) and vinylytriethoxysilane (VS). 

Epoxy based GFRPs were prepared using vacuum-assisted hand lay-up technique. Addition of 1 

phr nanoclay to epoxy based GFRPs improved the impact strength by 4% over GFPR with no 

nanoclay. Addition of pristine PP fibers (1, 2, and 3 phr) to epoxy based GFRPs (containing 1 phr 

nanoclay) deteriorated the impact properties due to lack of compatibility of constituents. FTIR and 

SEM-EDS analysis confirmed the successful compatibilization of PP fibers after different surface 

treatments. XRD and TEM analysis confirmed the partially exfoliated clay morphology in the 

processed GFRPs. Addition of 2 phr MS treated PP fibers and MAH grafted PP fibers to epoxy 

based GFRP (containing 1 phr nanoclay) improved impact strength by 44% and 13% respectively 

over GFRP without nanoclay. GFRP composite (having no nanoclay/PP fibers) showed a very 
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smooth and brittle surface (Figure 2.14a) which resulted in less resistance during failure under 

impact loading. GFRP reinforced with 1 phr nanoclay showed a rough surface appearance due to 

presence of epoxy/clay mixture on the surface of glass fibers (Figure 2.14b). GFRPs reinforced 

with compatibilized PP fibers (silane treated/MAH grafted) showed improvement in interfacial 

interaction among the constituents of the composite system (Figure 2.14e–f). As a result better 

mechanical properties were shown by GFRPs reinforced with compatibilized PP fibers. 

 

Figure 2.14. SEM micrographs of epoxy based GFRPs after impact testing (a) GFRP without clay/PP, (b) GFRP 

containing only nanoclay, (c) GFRP having 2 phr pristine PP fiber, (d) GFRP having 2 phr MS treated PP fibers, 

(e) GFRP having 2 phr VS treated PP fibers, and (f) GFRP having 2 phr MAH grafted PP fibers [32]. 

 

Singh et al. (2017) [35] investigated the effect of adding compatibilized ethylene propylene diene 

monomer (EPDM) rubber as micro-reinforcement on the impact strength of epoxy based GFRPs 

containing 1 wt.% nanoclay as nano-reinforcement. Two different methods (i) silane treatment 

using bis-(3-triethoxysilyl-propyl)-tetrasulfane, and (ii) maleic anhydride (MAH) grafting were 

used for surface modification of EPDM particles. Composites were prepared using vacuum-

assisted hand lay-up technique. EPDM particles concentration used was 2.5, 5.0, 7.5, and 10.0 

wt.%. Addition of 1 phr nanoclay to epoxy based GFRPs improved the impact strength by 13% 

over GFPR (having no nanoclay). XRD and TEM analysis confirmed partially exfoliated clay 

morphology in processed GFRPs. Addition of EPDM particles till 5.0 wt.% resulted in improved 

impact strength. Beyond this concentration, impact strength deteriorated due to lesser 

compatibility among constituents. Addition of 5 wt.%  of silane treated EPDM particles and MAH 
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grafted EPDM particles to epoxy based GFRP (containing 1 phr nanoclay) improved the impact 

strength by 68% and 26% respectively over reference GFRP (having no nanoclay).  

 

Figure 2.15. SEM micrographs of EPDM particles (a) pristine, (b) silanized EPDM particles, and (c) MAH 

grafted EPDM particles [35]. 

 

FTIR and SEM-EDS analysis confirmed successful compatibilization of EPDM particles after 

different surface treatments. SEM micrographs of EPDM particles are shown in Figure 2.15. It was 

clear that pristine EPDM particles showed a large number of large sized pores (Figure 2.15a); 

however, the number and size of pores decreased in compatibilized EPDM particles (Figure 

2.15b). The relatively dense and compact morphology was attributed to presence of compatibilized 

agents. 

A summary of literature available on multi-scale filler-reinforced polymer nanocomposites is 

presented in Table 2.5. 
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Table 2.5. Summary of literature on multi-scale filler reinforced polymer nanocomposites. 

S.No. Composition Effect on mechanical properties and underlying 

mechanisms/reasons for change in properties 

References 

1.  Matrix: Epoxy 

Reinforcements: 

Nano-

reinforcement 

(silica); Micro-

reinforcement 

(rubber 

particles), 

Woven fiber mat 

(Glass and 

Kevlar fibers) 

Epoxy resin was modified with micro-rubber and nano-silica 

particles. It revealed that addition of nano-silica showed highest 

improvement in tensile strength owing to uniform dispersion of 

silica particles. The uniformly dispersed silica particles resulted 

in more number of bonding sites. Thus, higher tensile strength was 

exhibited. However, maximum fracture toughness was witnessed 

in nanocomposites reinforced with nano-silica and micro-rubber. 

It was also observed that nanocomposite reinforced with intra-ply 

fiber mat showed higher mechanical performance as compared to 

nanocomposite reinforced with inter-ply fiber mat. 

Gokuldass et al. 

2019 [179]; 

Gokuldass et al. 

2019 [180] 

 

2.  Matrix: Epoxy 

Reinforcements: 

Nano-

reinforcement 

(clay); Micro-

reinforcement 

(thermoplastic 

fibers), Woven 

fiber mat (Glass 

fiber)  

Epoxy nanocomposites containing more than two reinforcement 

at different scales are known as multi-scale filler reinforced epoxy 

nanocomposites. The addition of nano- and micro- fillers in the 

pristine state generally deteriorated the mechanical properties 

(impact strength, tensile and flexural properties) of the 

nanocomposite system due to lack of compatibility among 

constituents. To improve the mechanical performance of multi-

scale filler reinforced epoxy nanocomposites, compatibilization 

of fillers is vital. Various surface modification techniques viz. 

chemical treatment, silanization, UV-assisted MAH grafting are 

used. Addition of compatibilized micro-fillers (soft/ductile fibers) 

improve the impact strength along with slight drop in tensile and 

flexural properties. Compatibilization resulted in additional 

functional groups on the surface of micro-fillers and enhanced 

interfacial bonding with epoxy resin. Reinforcement of surface 

modified mico-fillers thus enhanced the impact strength. 

Nanda et al. 

2020 [1]; Singh 

et al. 2017 [32]; 

Singh et al. 2018 

[34]; Singh et al. 

2017 [35] 

 

2.7  Summary of the reviewed literature 

➢ Effect of nanoclay addition (pristine as well as silanized) on the tensile properties, flexural 

properties, impact strength, and fracture toughness of epoxy based GFRP nanocomposites has 

been reported. Tensile modulus, flexural modulus, and flexural strength are reported to 

increase significantly with increase in nanoclay content till an optimum value (improvements 

have been more with silanized clay). Tensile strength, impact strength, and fracture toughness 

are reported to show only minor improvements with addition of nanoclay to GFRP composites. 

[15,36,39,66–68,71–74]. 

➢ Several authors have investigated the effect of polymer fiber addition (ultra‐high molecular 

weight polyethylene (UHMWPE), para-aramid, and spandex) on the tensile strength, 

interlaminar shear strength (ILSS), impact strength, and fracture toughness of epoxy based 

composites. It is reported that reinforcement of pristine fibers generally degrades all the 
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mechanical properties. Surface modification (compatibilization) of fibers is necessary before 

reinforcement for improving interfacial adhesion between fibers and matrix. [46,96,97,99,101–

103,107,139,143,146,181]. 

➢ Few authors have investigated the effect of reinforcing nano-fillers, both pristine and surface 

modified (nanoclay, nano-silica, silicon carbide particles, carbon nanotubes etc.) on the fiber 

(para-aramid, UHMWPE, and glass fibers) reinforced polymer composites. With addition of 

compatibilized nano-fillers, polymer composites were reported to exhibit improved tensile 

properties, flexural properties, and interlaminar shear strength [100,137,140,179,180]. 

➢ Several authors have investigated the effect of nano-filler grafting (silver particles, graphene, 

carbon nanotubes, etc.) on spandex fibers to improve the electrical conductivity and strain 

sensing performance of spandex fiber based strain sensors. The grafting procedures improved 

the conductivity, stretchability, and sensitivity of spandex fiber based strain sensors [164–169]. 

➢ A few authors have investigated the effect of polymer fiber addition (PET and PP fibers) and 

elastomer particles addition (EPDM particles) on the impact strength and tensile/flexural 

properties of epoxy based GFRPs (containing nanoclay). It was reported that addition of 

pristine thermoplastic fibers and elastomeric particles deteriorated the mechanical properties. 

Compatibilized fibers/particles (silane treated and UV-assisted MAH grafted fibers) enhanced 

the impact strength of epoxy based GFRPs with some loss in tensile properties [32,34,35]. 

 

2.8 Gaps in the existing literature 

➢ Very few authors have investigated the effect of nanoclay addition on the impact strength of 

glass fiber reinforced epoxy nanocomposites (epoxy/nanoclay/GFRP nanocomposites). The 

effect of reinforcing silanized nanoclay on the impact strength of epoxy based GFRPs has not 

been investigated to date. 

➢ A few authors have investigated the combined effect of thermoplastic fiber reinforcement and 

nanoclay addition on the tensile and flexural properties of polymer composites. However, the 

effect on impact strength has not been investigated. 

➢ Singh et al. [32,34,35] investigated the effect of reinforcing thermoplastic/elastomeric  

fibers/particles (PP fibers, PET fibers, and EPDM particles) on the impact strength of epoxy-

nanoclay based GFRPs. These studies successfully established the concept of adding polymer 

fibers to nanoclay reinforced epoxy based GFRPs for significantly improving the impact 
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strength. There is a large spectrum of thermoplastic fibers having diverse chemical structures 

from the very flexible (Inviya, popularly known as spandex) to the very rigid (Para-aramid, 

popularly known as Kevlar). Thus, there is a potential to achieve much greater impact strength 

with this approach. The effect of reinforcing different types of polymer fibers viz. ultra-high 

molecular weight polyethylene (UHMWPE), para-aramid, Inviya, etc. on the impact strength 

of epoxy based GFRPs has not been investigated.  

The next chapter discusses the design of the current research work. The chapter presents a detailed 

discussion on the origin of current research, objectives and key issues, and the materials and 

methods used in the present work. 
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Chapter 3. Design of the study 

 

3.1 Overview 

This chapter utilizes the gaps in existing literature to establish the research objectives and key 

issues of the present study. This chapter also presents the details of materials and methodology 

used in the present research. The chapter also presents the details of equipment used for mechanical 

testing and characterization of fabricated GFRPs. 

 

3.2 Objective and key issues  

The overall objective of the present research is “to improve the impact strength of epoxy based 

GFRP composites with addition of nanoclay and polymer filler through selection of suitable 

composition and processing conditions.” 

 

The key issues addressed are as follows: 

▪ Fabrication of epoxy/clay/GFRP nanocomposite laminates reinforced with varying 

concentration of untreated and compatibilized polymer filler.  

▪ Evaluation of mechanical properties (impact strength, tensile strength, and tensile modulus) 

and characterization of the processed nanocomposites for structure-property-processing 

relationship. 

 

3.3 Methodology 

The following methodology was followed to achieve the research objectives: 

▪ Compositional details including range of weight concentration of various constituents of 

epoxy based GFRP nanocomposites was obtained through a detailed literature survey. Table 

3.1 presents the detail of constituents. 

▪ Silanization of nanoclay was done with varying concentration of silane agent (1X–4X; X is the 

nanoclay loading).  For each case, the silanized nanoclay was reinforced in epoxy based GFRP 

and mechanical properties were evaluated. Nanoclay (both pristine and silanized) were 

dispersed in epoxy using homogenizer (at 20,000 rpm for 10 min) and probe ultrasonicator (at 

80% amplitude for 10 min; pulse on 40 s; pulse off 20 s). Optimum concentration of silane 
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agent for silanization of nanoclay was selected from the case which showed maximum 

improvement in mechanical performance of silanized nanoclay reinforced GFRP. 

▪ Compatibilization (surface modification) of various polymer fibers (UHMWPE, para-aramid, 

and Inviya fibers) by different methods including (i) chemical treatment, (ii) silanization, (iii) 

UV-assisted MAH grafting, and (iv) combination of chemical treatment followed by 

silanization. 

Table 3.1. Details of various constituents used in the fabrication of multi-reinforced epoxy based GFRPs. 

S.No. Constituent Specification Quantity Compatibilization method 

1. Nanoclay Nanomer PGV In a fixed amount         

(2 phr) 

Silanization with 3-

aminopropyltriethoxysilane 

(APTES) 

2. Glass fiber mat E-glass fiber 

mat 

2 plies for tensile 

samples and 12 plies 

for impact samples 

Pristine state (no surface 

treatment) 

3. Thermoplastic polymer fibers  

a) Ultra-high molecular weight 

polyethylene (UHMWPE) 

Thermoplastic 

polymer fibers 

0.125–0.500 phr; with 

an increment of 0.125 

phr 

(i) Potassium permanganate 

treatment, (ii) silanization 

with 3-

aminopropyltriethoxy silane 

agent, (iii) Potassium 

permanganate treatment 

followed by silanization, 

and (d) UV-assisted MAH 

grafting 

b) Polyparaphenylene 

terephthalamide (para-aramid) 

0.50–2.00 phr; with an 

increment of 0.50 phr 

(i) Phosphoric acid 

treatment, (ii) silanization 

with 3-

aminopropyltriethoxy silane 

agent , (iii) Phosphoric acid 

treatment followed by 

silanization, and (d) UV-

assisted MAH grafting 

c) Polyether-polyurea copolymer 

(Inviya) 

0.50–2.00 phr; with an 

increment of 0.50 phr 

(i) Phosphoric acid 

treatment, (ii) silanization 

with 3-

aminopropyltriethoxy silane 

agent, (iii) Phosphoric acid 

treatment followed by 

silanization, and (d) UV-

assisted MAH grafting 

4. Resin and hardener system Araldite CY 

230 and 

Aradur HY951 

Balance quantity. 

Resin-hardener ratio 

to be kept as 10:1 by 

wt.% (as  

recommended by the 

supplier) 

Pristine state (no surface 

treatment) 
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▪ Polymer fibers (pristine or compatibilized, as per the case) were dispersed into epoxy-silanized 

nanoclay suspension by using homogenizer (at 10,000 rpm for 10 min), probe ultrasonicator 

(at 80% amplitude for 10 min), followed by homogenizer (at 15,000 rpm for 5 min).  

▪ Curing agent was added to the epoxy-silanized nanoclay-polymer fiber suspension using 

mechanical stirrer (at 500 rpm for 10 min). 

▪ The prepared suspension was used to lay up glass fiber mat to the desired thickness for 

processing GFRP nanocomposite laminates with the help of VARIM (Vacuum Assisted Resin 

Infusion Moulding) process. 

▪ Mechanical properties (impact strength and tensile strength) of multi-scale filler reinforced 

epoxy based GFRP nanocomposites were evaluated to determine the most suitable 

composition of constituents (nanoclay and polymer fiber content) of nanocomposite system.  

▪ The fracture surface of epoxy based GFRP which exhibited maximum improvement in impact 

strength was subjected to SEM analysis to determine the mechanisms causing improvements.  

▪ GFRPs were characterized (XRD, TEM, FTIR, and SEM etc.) with respect to their mechanical 

properties and also to ascertain the dispersion and type of morphology of nanoclay in GFRPs.  

 

3.4 Materials 

Epoxy is one of the most important thermosetting resins employed as a matrix material for polymer 

based composites. Epoxy resin offers several benefits like easy processing, absence of by-products, 

good adhesion, good chemical resistance, and high failure strength [14,15,33]. Epoxy based fiber 

reinforced composites are extensively used in numerous industries starting from aviation to 

electronic industries [1,32,34,35]. Fiber reinforced composites are used in myriad applications viz. 

aerospace parts (rotor blades, radome), automobile components (bumper, roof, and door frames), 

marine spare parts (ship decks, hulls), sporting goods (arrows, archery bows, vault poles), racing 

car chassis and bodies, and several civil applications [1,32–34]. Different thermoplastic and natural 

fibers are used for reinforcing epoxy composites, most commonly used fibers are glass fibers, 

carbon fibers, and para-aramid fibers [182,183]. Glass fiber reinforced epoxy composites (GFRP) 

are attracting huge attention because of their outstanding characteristics like high specific strength 

and stiffness [184,185]. The use of nano-fillers in fiber reinforced composites has also attracted 

great interest. A small amount of nano-fillers (less than 5 wt.%) leads to significant improvements 
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in mechanical, barrier, and thermal properties of FRPs because of their unique 

exfoliation/intercalation characteristics, high aspect ratio, and large active surface area 

[2,7,41,42,186,187]. Epoxy based GFRP nanocomposites exhibit good static mechanical 

properties (tensile, flexural, and interfacial shear strength) but lack in impact strength. 

Consequently, epoxy based GFRPs find limited use in high impact applications [1,32,34,35]. 

In the present study, different thermoplastic fibers viz. UHMWPE, para-aramid, and Inviya fibers 

(micro-filler) were utilized with E-glass fiber mat (bi-directional) and nanoclay (nano-filler) to 

improve the impact strength of epoxy based GFRPs.  

UHMWPE fibers (chemical structure is given in Figure A6, Appendix-I) have attracted 

tremendous attention because of their high tensile strength, high tensile modulus, light weight, low 

cost, and excellent resistance to chemical and physical degradation. UHMWPE fibers have record 

values of tensile strength and Young’s modulus amongst polymer fibers. In terms of specific 

strength, these fibers have properties superior to all known fibers [98,99,106,188–191].  

Para-aramid fibers (chemical structure is given in Figure A7, Appendix-I) are high-performance 

fibers that attract commercial and academic interest because their highly crystalline structure offers 

high specific toughness ratio and strength. They are widely used as an excellent reinforcement 

material for advanced polymer composites in aircrafts, aerospace, and missile applications 

[46,50,140,142,146].  

Inviya fibers (chemical structure is given in Figure A8, Appendix-I) are one of the most important 

thermoplastic-elastomeric fibers commercially produced worldwide. Inviya fibers are made of 

long chain synthetic polymers comprising mainly of segmented polyurethanes. Polymer chains in 

segmented polyurethanes consist of two chemically distinct structural units (hard and soft 

segments). These structural units have glass transition temperatures above and below the room 

temperature respectively. Inviya fibers offer advantages of high strength, light-weight, exceptional 

elasticity, and recovery rate. These fibers are used for swimwear, cycling jerseys and shorts, dance 

belts for male ballet dancers, and other net ball body suits etc.  [165,168,170,172,192]. 

The present work used epoxy (Araldite CY230) and curing agent (Aradur HY951) supplied by 

Huntsman Advanced Materials, India. Araldite CY230 is diglycidyl ether of bisphenol A 

(DGEBA) epoxy. Epoxy used was off-white in colour, tasteless, odourless, and non-toxic with low 

shrinkage. Curing agent, Aradur HY951 (triethylenetetramine [TETA]) was yellow in colour. 

Specific gravity of epoxy and hardener at 25 ℃ were 1.1 g/cm3 and 0.98 g/cm3 respectively. 
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Epoxy-curing agent weight ratio was kept as 10:1. ‘Nanomer PGV’ nanoclay was supplied by 

Sigma-Aldrich, India. WR 360 E-glass woven roving mats (bi-directional; 0°/90°) of 360 g/m2 

areal density were supplied by Owens Corning, India. Further, UHMWPE and para-aramid fibers 

were procured from Minifibers, USA. Inviya (Spandex) fibers were supplied by Indorama Pvt. 

Ltd., Singapore. All other chemicals (acetone, ethanol, silane agents, acetic acid, MAH granules, 

phosphoric acid, and potassium permanganate) were supplied by Tokyo Chemicals Industry, 

Japan.   

 

3.5 Silanization of nanoclay 

Silane agent used for silanization of nanoclay was 3-amimopropyltriethoxysilane (chemical 

structure is given in Figure A5, Appendix-I). The concentration of silane agent to be used for silane 

treatment of nanoclay was optimized in the present research. Silane agent concentration was 

selected as a proportion of weight of nanoclay (X). Silane agent concentration chosen for the study 

was 1X, 2X, 3X, and 4X as per earlier reported literature [16,193,194]. Beyond 4X concentration, 

viscosity of the system increased drastically making processing extremely difficult. Thus, silane 

agent concentration was restricted to 4X. 

 

Figure 3.1. Real time images of processing during silanization of nanoclay showing (a) pristine nanoclay, (b) 

mixing of silane agent in acetone, (c) solution after hydrolysis, (d) homogenization of nanoclay in hydrolyzed 

solution, (e) ultrasonication of nanoclay in hydrolyzed solution, and (f) silanized nanoclay. 
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Pristine nanoclay was dried at 110 ℃ for 18 h before the silanization process. APTES silane agent 

was added to acetone during magnetic stirring (IKA, C-MAG HS4, India) at 750 rpm. Acetic acid 

was added to this solution to adjust pH value in the range of 4.5–5.5 pH.  This hydrolysis step was 

done for 30 min. The solution was homogenized (IKA, T 25 digital Ultra-Turrax, India) at 12000 

rpm for 3 min after adding nanoclay to it. This was followed by ultrasonication using probe 

sonicator (Qsonica, Q700, USA) at 80% amplitude for 10 min for proper dispersion of nanoclay. 

Now two separate cases were used viz. (i) with acetone washing, and (ii) without acetone washing 

to complete the silanization process. In the first case (‘with acetone washing’), the silanized 

nanoclay was washed with acetone after sonication and was then extracted using vacuum filtration 

process. The purpose of washing the nanoclay with acetone was to rinse out any unreacted/excess 

silane agent. In the second case (‘without acetone washing’), the silanized nanoclay was not 

washed with acetone after sonication and the silanized nanoclay was directly extracted using 

vacuum filtration process. The silanized nanoclays (under the two separate cases) were dried in a 

vacuum oven (60 ℃; 48 h). The dried nanoclay particles were crushed into fine particles using 

pestle and mortar. The real time images of silanization procedure followed for nanoclay are shown 

in Figure 3.1. 

 

3.6 Compatibilization of polymer fibers 

In the present research, three different thermoplastic fibers were used separately as a micro-

reinforcement. These included (i) UHMWPE fibers, (ii) para-aramid fibers, and (iii) Inviya fibers. 

The fibers were subjected to four different surface treatment methods (compatibilization 

procedures). Surface modification (compatibilization) of UHMWPE fibers was done using (i) 

potassium permanganate treatment (T1), (ii) silanization with 3-aminopropyltriethoxy silane (T2), 

(iii) potassium permanganate treatment followed by silanization (T3), and (d) UV-assisted MAH 

grafting (T4). Surface modification (compatibilization) of para-aramid fibers and Inviya fibers was 

done using (i) phosphoric acid treatment (T5), (ii) silanization with 3-aminopropyltriethoxy silane 

(T2), (iii) phosphoric acid treatment followed by silanization (T6), and (d) UV-assisted MAH 

grafting (T4). 
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3.6.1 Potassium permanganate treatment 

5 g of KMnO4 was added to 50 g of nitric acid to prepare KMnO4-HNO3 solution. Thermoplastic 

fibers to be treated were dipped in this solution for 1 min at 35 ℃. Distilled water was used to 

wash out excess solution to obtain a constant pH value (around 5 pH). The treated fibers were 

dried for 12 h at 35℃ using a vacuum oven (at 1 bar). The colour of fibers changed from white to 

dark brown. Potassium permanganate is an oxidizing agent and on treatment with fibers, it itself 

gets reduced and oxidizes the fibers. The colour change confirmed the oxidation of fibers. The real 

time images of potassium permanganate treatment are shown in Figure 3.2. 

 

3.6.2 Phosphoric acid treatment 

Phosphoric acid solution (20 wt.%) was prepared by mixing phosphoric acid (60 ml) in distilled 

water (300 ml). Thermoplastic fibers to be treated were dipped in the prepared solution followed 

by magnetic stirring at 40 ℃ for 2 h. Treated fibers were rinsed in distilled water to obtain a 

constant pH value by removing excess acid. These were then dried (110 ℃, 6h). The real time 

images of phosphoric acid treatment are shown in Figure 3.3. 

 
Figure 3.2. Real time images of potassium permanganate treatment of UHMWPE fibers (a) pristine UHMWPE 
fibers, (b) potassium permanganate granules, (c) mixing of potassium permanganate in nitric acid with the help 

of magnetic stirring, (d) UHMWPE fibers dipped in potassium permanganate solution, and (e) potassium 

permanganate treated UHMWPE fibers. 
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3.6.3 Silane treatment 

For silane treatment of fibers, ethanol solution (95 vol. %) and distilled water (5 vol.%) were taken 

in a beaker. Silane agent (2 vol.% of solution) was added to ethanol solution using magnetic 

stirring. This was followed by adjusting the pH of solution in the range of 4.5–5.5 by adding acetic 

acid. Magnetic stirring was continued for another 30 min to facilitate completion of hydrolysis 

process. Required amount of fibers were dipped in this prepared solution for 10 min. Treated fibers 

were washed with ethanol solution twice to remove excess silane agent. The fibers were taken out 

from the solution and were cured in a vacuum oven at 110℃ for 10 min (at 1 bar). The real time 

images of silanization of fibers is shown in Figure 3.4. 

 

Figure 3.3. Real time images of phosphoric acid treatment of para-aramid fibers showing (a) pristine para-aramid 

fibers, (b) preparation of phosphoric acid solution with the help of magnetic stirring, (c) para-aramid fibers being 

magnetically stirred in phosphoric acid solution, (d) vacuum filtration of para-aramid fibers after treatment, and 

(e) phosphoric acid treated para-aramid fibers. 
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Figure 3.4. Real time images of silane treatment of para-aramid fibers (a) mixing of acetone and silane agent 

with help of magnetic stirrer, (b) hydrolyzed solution, (c) para-aramid fibers being mixed with silane agent 

solution with the help of magnetic stirrer, (d) vacuum filtration of para-aramid fibers after silanization, (e) 

silanized para-aramid fibers. 

 

3.6.4 UV-assisted MAH grafting 

MAH granules equal to the weight of fibers to be treated were dissolved in acetone. A fixed 

quantity of fibers was dipped in acetone-MAH solution and exposed to UV rays for different time 

periods (0.5–7 h) to determine the optimum time for MAH grafting. After exposure to UV 

radiations, treated fibers were washed with acetone to wash out unreacted MAH solution. The 

treated fibers were dried in an oven. Finally, the weight of dried fibers was noted. The real time 
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images of UV-assisted MAH grafting are shown in Figure 3.5. The weight gain details of different 

thermoplastic fibers after MAH grafting are given in Table 3.2–3.4.  

 

Figure 3.5. Real time images of UV-assisted MAH grafting of UHMWPE fibers showing (a) MAH granules, 

(b) MAH granules dispersed in acetone, (c) pristine UHMWPE fibers, (d) UHMWPE fibers dipped in 

MAH/acetone solution exposed to UV radiations, and (e) MAH grafted UHMWPE fibers. 

 

Table 3.2. Details of weight gain of UHMWPE fibers after MAH grafting. 

S. No. Initial weight 

(g) 

Time period 

(h) 

Final weight 

(g) 

Percentage weight gain 

 (%) 

1 2.000 1.0 2.110 5.50 

2 2.000 2.0 2.170 8.50 

3 2.000 3.0 2.340 17.00 

4 2.000 4.0 2.400 20.00 

5 2.000 4.5 2.790 39.50 

6 2.000 5.0 2.620 31.00 

7 2.000 5.5 2.440 22.00 

8 2.000 6.0 2.225 11.25 

9 2.000 7.0 2.170 8.50 
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Table 3.3. Details of weight gain of para-aramid fibers after MAH grafting. 

S. No. Initial weight 

(g) 

Time period 

(h) 

Final weight 

(g) 

Percentage weight gain 

 (%) 

1 3.000 0.5 3.940 31.33 

2 3.000 1.0 4.091 36.37 

3 3.000 1.5 4.210 40.33 

4 3.000 2.0 4.855 61.83 

5 3.000 2.5 4.245 41.50 

6 3.000 3.0 3.751 25.03 

7 3.000 3.5 3.210 7.00 

8 3.000 4.0 3.160 5.33 

9 3.000 4.5 3.008 0.27 

 

Table 3.4. Details of weight gain of Inviya fibers after MAH grafting. 

S. No. Initial weight 

(g) 

Time period 

(h) 

Final weight 

(g) 

Percentage weight gain 

(wt.%) 

1. 1.000 1 1.005 0.5 

2. 1.000 2 1.202 20.2 

3. 1.000 3 1.230 23 

4. 1.000 4 1.271 27.1 

5. 1.000 4.5 1.341 34.1 

6. 1.000 5 1.304 30.4 

7. 1.000 5.5 1.131 13.1 

8. 1.000 6 1.100 10 

9. 1.000 7 1.100 10 

 

3.7 Fabrication of multi-filler reinforced epoxy based GFRPs 

3.7.1 Processing of epoxy-nanoclay suspension 

For processing of epoxy-nanoclay suspension, nanoclay (2 phr; fixed quantity) was dried in 

vacuum oven at 110 ℃ for 15 min. Epoxy resin and nanoclay (pristine or silanized, as per the case) 

were hand mixed with a stirrer. The suspension was homogenized at 20000 rpm for 10 min. 

Ultrasonication was done at 80% amplitude for 10 min (pulse on 40 s; pulse off 20 s). The real 

time images of processing of epoxy-nanoclay suspension are shown in Figure 3.6. 
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Figure 3.6. Real time images of dispersion of nanoclay in epoxy matrix showing (a) pristine epoxy, (b) silanized 

nanoclay, (c) hand mixing of nanoclay in epoxy, (d) homogenization of nanoclay in epoxy, (e) ultrasonication 

of nanoclay in epoxy, and (f) epoxy-nanoclay suspension. 

 

3.7.2 Processing of epoxy-nanoclay-polymer fibers suspension  

Thermoplastic fibers (pristine or modified, as per the case) were added to the epoxy-nanoclay 

suspension during homogenization (10,000 rpm; 5 min) followed by high speed homogenization 

(15,000 rpm; 5 min). Ultrasonication was done for 10 min. Again, the suspension was 

homogenized (10,000 rpm; 5 min). After cooling, as the temperature of suspension reached 35℃, 

curing agent was added and mechanical stirring was done for proper mixing. The suspension was 
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degassed with the help of a vacuum desiccator for 30 min for removal of trapped air. The real time 

images of processing of epoxy-nanoclay-thermoplastic fiber suspension are shown in Figure 3.7. 

 

Figure 3.7. Real time images of dispersion of thermoplastic fibers in epoxy-nanoclay suspension showing (a) 

epoxy-nanoclay suspension, (b) pristine/compatibilized UHMWPE fibers, (c) homogenization of UHMWPE 

fibers in epoxy-clay suspension, (d) ultrasonication of UHMWPE fibers in epoxy-clay suspension, and (e) 

epoxy-nanoclay-UHMWPE-hardener suspension. 

 

3.7.3 Processing of multi-filler reinforced epoxy based GFRPs through VARIM technique 

VARIM set-up was used for processing of GFRPs. Glass fiber mats were cut in the required sizes 

(for impact samples, 30×10 mm; for tensile samples, 30×30 mm) and were placed on the VARIM 

table. These glass fiber mats were laid up using the epoxy-based suspension. The process was 

repeated to obtain the desired thickness (required number of plies) for testing as per the ASTM 



58 
 

standards. 2 plies of glass fiber mat were used for preparing tensile samples and 12 plies were used 

for impact samples. After the required number of plies were laid-up, the samples were covered 

with a separator cloth, followed by a perforated sheet, and finally a wire mesh. For removal of 

entrapped air, connections were made between this lay-up and vacuum ports of VARIM table with 

the help of a breather cloth and a vacuum bagging sheet. Curing and post-curing time schedule 

was (35 ℃ for 6 h) and (60 ℃ for 6 h) respectively. The real time images of fabrication of multi-

scale filler reinforced epoxy based GFRPs through VARIM process are shown in Figure 3.8. 

 

Figure 3.8. Real time images of processing of multi-scale filler reinforced epoxy based GFRP nanocomposites 

showing (a) breather cloth being applied on VARIM set-up, (b) glass fiber mat cut in required size kept on the 

VARIM table, (c) glass fiber mats laid-up with suspension covered with separating cloth, (d) separating cloth 

covered with perforated sheet, (e) perforated sheet covered with wire mesh, and (f) VARIM set-up prepared for 

air tight connections with the help of vacuum bagging sheet and sealant tape.  

 

Details of sample designations used for different nanoclays and various GFRPs processed in the 

present research are presented in Table 3.5. 
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Table 3.5. Sample designations of nanoclays and epoxy based GFRP nanocomposites 

S. 

No. 
Sample Designation Detail of nanoclays and processed GFRPs 

1.  CA Cloisite®15A nanoclay 

2.  IE Nanomer® I.28E nanoclay 

3.  PG Nanomer® PGV nanoclay 

4.  1XPGAW 

1X silane treated Nanomer® PGV with acetone washing(1X means that silane 

agent amount for surface treatment of nanoclay was 100% as proportion of 

nanoclay loading) 

5.  2XPGAW 2X silane treated Nanomer® PGV with acetone washing 

6.  3XPGAW 3X silane treated Nanomer® PGV with acetone washing 

7.  4XPGAW 4X silane treated Nanomer® PGV with acetone washing 

8.  1XPGAW* 1X silane treated Nanomer® PGV without acetone washing 

9.  2XPGAW* 2X silane treated Nanomer® PGV without acetone washing 

10.  

3XPGAW* (PG* 

designation used in 

multi-filler reinforced 

epoxy based GFRPs) 

3X silane treated Nanomer® PGV without acetone washing 

11.  4XPGAW* 4X silane treated Nanomer® PGV without acetone washing 

12.  RC GFRP nanocomposite without nanoclay 

13.  2CAC GFRP nanocomposite reinforced with 2 phr of Cloisite®15A 

14.  2IEC GFRP nanocomposite reinforced with 2 phr of Nanomer® I.28E 

15.  2PGC GFRP nanocomposite reinforced with 2 phr of Nanomer® PGV 

16.  1X2PGAWC 
GFRP nanocomposite reinforced with 2 phr of 1X silanized Nanomer® PGV 

with acetone washing 

17.  2X2PGAWC 
GFRP nanocomposite reinforced with 2 phr of 2X silanized Nanomer® PGV 

with acetone washing 

18.  3X2PGAWC 
GFRP nanocomposite reinforced with 2 phr of 3X silanized Nanomer® PGV 

with acetone washing 

19.  4X2PGAWC 
GFRP nanocomposite reinforced with 2 phr of 4X silanized Nanomer® PGV 

with acetone washing 

20.  1X2PGAW*C 
GFRP nanocomposite reinforced with 2 phr of 1X silanized Nanomer® PGV 

without acetone washing 

21.  2X2PGAW*C 
GFRP nanocomposite reinforced with 2 phr of 2X silanized Nanomer® PGV 

without acetone washing 

22.  

3X2PGAW*C 

(2PG*C designation 

used in multi-filler 

reinforced epoxy 

based GFRPs) 

GFRP nanocomposite reinforced with 2 phr of 3X silanized Nanomer® PGV 

without acetone washing 

23.  4X2PGAW*C 
GFRC nanocomposite reinforced with 2 phr of 4X silanized Nanomer® PGV 

without acetone washing 

24.  T1 Potassium permanganate treatment 

25.  T2 Silanization with 3-aminopropyltriethoxy silane 

26.  T3 Potassium permanganate treatment followed by silanization 
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27.  T4 UV-assisted MAH grafting 

28.  T5 Phosphoric acid treatment 

29.  T6 Phosphoric acid treatment followed by silanization 

30.  2PG*0.125UC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.125 phr 

of pristine UHMWPE fibers 

31.  2PG*0.250UC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.250 phr 

of pristine UHMWPE fibers 

32.  2PG*0.375UC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.375 phr 

of pristine UHMWPE fibers 

33.  2PG*0.500UC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.500 phr 

of pristine UHMWPE fibers 

34.  2PG*0.25UPC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.250 phr 

of UHMWPE fibers treated with potassium permanganate solution 

35.  2PG*0.25UAC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.250 phr 

of UHMWPE fibers silanized with 3-aminopropyltriethoxy silane agent 

36.  2PG*0.25UPAC 

GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.250 phr 

of UHMWPE fibers treated with potassium permanganate solution followed by 

silanization with  3-aminopropyltriethoxy silane agent 

37.  2PG*0.25UMC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.250 phr 

of UHMWPE fibers after UV-assisted MAH grafting 

38.  2PG*0.5PC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.50 phr 

of pristine para-aramid fibers 

39.  2PG*1.0PC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.00 phr 

of pristine para-aramid fibers 

40.  2PG*1.5PC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.50 phr 

of pristine para-aramid fibers 

41.  2PG*2.0PC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 2.00 phr 

of pristine para-aramid fibers 

42.  2PG*1.0PPC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.00 phr 

of para-aramid fibers treated with phosphoric acid 

43.  2PG*1.0PAC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.00 phr 

of para-aramid fibers silanized with 3-aminopropyltriethoxy silane agent 

44.  2PG*1.0PPAC 

GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.00 phr 

of para-aramid fibers treated with phosphoric acid solution followed by 

silanization with  3-aminopropyltriethoxy silane agent 

45.  2PG*1.0PMC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.00 phr 

of para-aramid fibers after UV-assisted MAH grafting 

46.  2PG*0.5IC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 0.50 phr 

of pristine Inviya fibers 

47.  2PG*1.0IC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.00 phr 

of pristine Inviya fibers 

48.  2PG*1.5IC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.50 phr 

of pristine Inviya fibers 

49.  2PG*2.0IC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 2.00 phr 

of pristine Inviya fibers 

50.  2PG*1.5IPC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.50 phr 

of Inviya fibers treated with phosphoric acid 

51.  2PG*1.5IAC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.50 phr 

of Inviya fibers silanized with 3-aminopropyltriethoxy silane agent 
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52.  2PG*1.5IPAC 

GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.50 phr 

of Inviya fibers treated with phosphoric acid solution followed by silanization 

with  3-aminopropyltriethoxy silane agent 

53.  2PG*1.5IMC 
GFRP nanocomposite reinforced with 2 phr of silanized nanoclay and 1.50 phr 

of Inviya fibers after UV-assisted MAH grafting 

 

3.8 Testing and characterization 

X-ray diffraction (X’Pert3 Powder diffractometer, PANalytical, Almelo, Netherlands) was used to 

determine the d-spacing (d001 peak) of nanoclay when it was in the pristine state (both unmodified 

and silanized state). Further, X-ray diffraction was also used for determining the nanoclay 

morphology (along with d-spacing details) when nanoclay was dispersed in the processed GFRP 

nanocomposites. The range of 2θ angle was selected in the range of 2−10°. The fabricated samples 

were crushed into a fine powder using a high speed mixer. The powder was used for XRD analysis. 

For TEM analysis (Hitachi, H-7500, Japan), the crushed fine powder was dispersed in ethanol with 

the help of a sonication bath (30 min). This suspension was used for preparing sample for TEM 

analysis on copper grid. The quality of dispersion of nanoclay in the processed GFRP system 

(whether uniformly distributed or not) and also its type of morphology obtained were ascertained 

by TEM analysis.   

 

Figure 3.9. Actual images of tensile samples used in the present research (a) before, and (b) after tensile testing. 
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For FTIR samples, the samples (fibers/clay) mixed in potassium bromide and pellets were made, 

which was used as sample for FTIR analysis. Surface treatments of nanoclay and thermoplastic 

fibers were confirmed by FTIR analysis (Perkin-Elmer FTIR spectrometer RX-IFTIR, 

Massachusetts, US) conducted in the scanning range of 4000–400 cm-1. Further, SEM (JSM-

6510LV, JEOL, Tokyo, Japan)/FESEM-EDS (Carl Zeiss Sigma 500, ZEISS, Jena, Germany) 

micrographs were also used for confirming the surface treatment of thermoplastic fibers. Tensile 

specimens (as per ASTM D-3039 standard) and impact specimens (as per ASTM D 256–02 

standard) were prepared using a diamond cutter. For illustration, the actual images of tensile and 

impact samples (before and after testing) for one of the compositions used in the present research 

are shown in Figure 3.9 and Figure 3.10 respectively. Universal testing machine (Zwick/Roell, 

Germany) having a load cell of 10 kN was used for tensile testing and Izod impact tester (ATS 

FAAR, Italy) having a least count of 0.01 J/m2 was used for impact testing (Figure 3.11). Four 

samples were tested for each composition and property, and the mean value was reported. All the 

tests (tensile and impact tests) were evaluated at room temperature. For maintaining uniform 

environmental conditions in the laboratory, air conditioners were used. Temperature and humidity 

level of room was maintained at 25 ℃ and 40% respectively. Before performing the tests, the 

samples were kept at 25 ℃ for 48 h as per the requirements of ASTM standards. 

 

Figure 3.10. Actual images of impact samples used in the present research (a) before, and (b) after impact testing. 
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Figure 3.11. Real time images of the testing equipment showing (a) universal testing machine (UTM), (b) notch 

cutter for Izod impact test specimens, and (c) impact tester. 

 

For better understanding of the mechanisms responsible for improved impact strength, SEM (JSM-

6510LV, JEOL Limited, Tokyo, Japan) and FESEM (Carl Zeiss Sigma 500, ZEISS, Jena, 

Germany) analysis of fracture surface of impact test specimen of GFRP showing the highest 

impact strength was done. 

The next chapter presents the results and discussion on the effect of reinforcing silanized nanoclay 

(different concentrations of silane agent used for silanization of nanoclay) on the impact strength 

and tensile properties of epoxy based GFRP nanocomposites.  
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Chapter 4. Effect of reinforcing nanoclay on the mechanical properties of 

GFRPs 

 

4.1 Overview 

This chapter presents the results and discussion on the impact strength and tensile properties 

obtained for the processed epoxy based GFRPs reinforced with silanized nanoclay. Different 

concentrations of silane agent were used for the silanization of nanoclay. During the silanization 

of nanoclay, there were two options viz. (a) rinse the silanized clay with acetone (acetone washing), 

and (b) do not rinse the silanized nanoclay with acetone (no-washing). The effect of acetone 

washing and no-washing after silane treatment on the mechanical properties of epoxy based 

GFRPs containing the reinforced silanized nanoclay is also discussed. The results of various 

characterization techniques (XRD, TEM, FTIR and SEM) used for validation of silanization of 

nanoclay, determination of morphology of nanoclay in the matrix material, and effectiveness of 

interfacial bonding between the constituents of nanocomposite system are also presented.  

 

4.2 Mechanical properties of pristine/silanized nanoclay reinforced GFRPs 

GFRP composite without nanoclay (RC; reference composite) showed an impact strength of 153 

kJ/m2. Different pristine nanoclays (CA, IE, and PG; defined in Table 3.5, Chapter 3) were 

reinforced separately into the reference composition to investigate the influence on impact strength 

of resulting composite system. Nanoclay loading was fixed at 2 phr in GFRPs. This was in line 

with an earlier research study of our research group [15]. Addition of each type of pristine nanoclay 

improved the impact strength of reference GFRP system (Figure 4.1 and Table 4.1). Maximum 

improvement in Izod impact strength (23.5% over the reference sample) was observed for the 

GFRP reinforced with pristine PG nanoclay (i.e. 2PGC nanocomposite sample). Addition of the 

other two types of pristine nanoclays (CA and IE respectively) resulted in only minor 

improvements in impact strength (6.5% and 4.0% respectively) of GFRP system. For this reason, 

only PG nanoclay was considered for further investigations (related to silanization of nanoclay 

under different conditions and its subsequent reinforcement in GFRPs for studying improvement 

in mechanical properties). 

Figure 4.2 and Table 4.1 present the tensile strength and tensile modulus of processed GFRPs. 

Tensile stress versus percentage elongation behaviour is presented in Figure A1, Appendix I. 

Addition of 2 phr PG nanoclay to RC showed 14% and 4% improvement in tensile modulus and 
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tensile strength respectively. However, addition of IE and CA nanoclays resulted in deterioration 

of tensile strength and also the tensile modulus. 

 

Figure 4.1. Impact strength of reference composite and various GFRPs reinforced with 2 phr of different pristine 

nanoclays. 

 

Table 4.1. Mechanical properties of GFRPs reinforced with 2 phr of various pristine nanoclays and those 

reinforced with surface treated PG nanoclay under different silanization conditions. 

S. No. Sample 

Designation# 

Impact Strength 

(kJ/m2) 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 

1.  RC 153±9 338±7 7.48±0.10 

2.  2PGC 189±17 351±4 8.51±0.04 

3.  2CAC 163±12 326±6 7.31±0.06 

4.  2IEC 159±15 331±3 7.33±0.04 

5.  1X2PGAWC 169±11 320±9 7.31±0.08 

6.  2X2PGAWC 209±3 344±7 7.71±0.03 

7.  3X2PGAWC 187±13 319±3 7.59±0.11 

8.  4X2PGAWC 180±10 335±6 7.55±0.06 

9.  1X2PGAW*C 174±12 379±6 8.08±0.03 

10.  2X2PGAW*C 189±3 348±7 7.98±0.10 

11.  3X2PGAW*C 194±2 392±9 7.91±0.02 

12.  4X2PGAW*C 187±2 356±7 7.88±0.01 

       #: Details of various designations is given in nomenclature 
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Figure 4.2. Tensile properties of reference composite and various GFRPs reinforced with 2 phr of different 

pristine nanoclays showing tensile strength and tensile modulus values. 

 

The impact strength values obtained for reference composite and various GFRPs reinforced with 

silanized nanoclay are presented in Figure 4.3 and Table 4.1. PG nanoclay was silanized with four 

different concentrations of silane agent (1X–4X, where X signifies that silane agent amount used 

for surface treatment as a proportion of nanoclay loading). For all these concentrations, two cases 

of processing were used (a) ‘with acetone washing’, and (b) ‘without acetone washing’ (explained 

in Section 3.5, Chapter 3). All GFRPs reinforced with silanized nanoclay (‘with acetone washing’) 

showed improved impact strength over the RC composite. Highest impact strength (37% higher 

than RC) was shown by 2X2PGAWC nanocomposite (Figure 4.3). Similarly, all GFRPs reinforced 

with silanized nanoclay (‘without acetone washing’) also showed improved impact strength over 

the RC composite, though the improvements were slightly lesser with regard to their ‘with acetone 

washing’ counterparts for a given silane concentration-GFRP composition. Highest Izod impact 

strength for this category was shown by 3X2PGAW*C nanocomposite (27% higher than RC; 

Figure 4.3). For both the cases, impact strength of nanocomposites reinforced with silanized 
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nanoclay improved with increase in silane concentration till an optimum concentration (2X for the 

case of ‘with acetone washing’ and 3X for the case of ‘without acetone washing’). 

 

Figure 4.3. Impact strength of reference composite and various GFRPs reinforced with 2 phr of surface treated 

PG nanoclay under different silanization conditions. 
 

Tensile properties of GFRPs did not improve with reinforcement of silanized nanoclay for the case 

of ‘washing with acetone’ (Table 4.1 and Figure 4.4). However, GFRPs reinforced with silanized 

nanoclay for the case of ‘without acetone washing’ showed improvements in tensile properties. 

Maximum improvement in tensile strength and tensile modulus (16% and 6% higher respectively 

than RC) was observed for 3X2PGAW*C nanocomposite (GFRP reinforced with 2 phr of 3X 

silanized PG clay ‘without acetone washing’).  

Further, 3X2PGAW*C nanocomposite also showed 27% improvement in impact strength over RC 

(as discussed earlier). Though, increase in impact strength was lesser than ‘with acetone washing’ 

counterpart (27% and 37% respectively), but considering improvement in both the properties 

(tensile properties as well as impact strength), the performance of GFRPs reinforced with silanized 

clay of ‘without acetone washing’ case was better. 
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Figure 4.4. Tensile properties of reference composite and various GFRPs reinforced with 2 phr of surface treated 

PG nanoclay under different silanization conditions showing (a) tensile strength, and (b) tensile modulus values 

for composites. 

a 

b 
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Maximum improvement in all the properties was not achieved in a single composition because 

different mechanisms come into play for different strength behaviour.  

Maximum improvement in tensile modulus was obtained for 2PGC composition. Addition of 

pristine nanoclay which is very rigid to the epoxy-hardener G FRP system improved the stiffness 

and hence the tensile modulus of 2PGC composite. Further, addition of silanized nanoclay to the 

epoxy-hardener GFRP system decreased the tensile modulus (as compared to 2PGC composition) 

because of the plasticizing effect of silane agent. Maximum improvement in tensile strength was 

obtained for 3X2PGAW*C composite. For this composition, since acetone washing was not done 

after silanization, the small nano-sized stacks of a few silicate layers were retained which resulted 

in better interfacial bonding among constituents of GFRPs. However, highest impact strength was 

observed for 2X2PGAWC composition due to the use of optimum silane concentration. The 

3X2PGAW*C composition (without acetone washing) didn’t show the highest impact strength 

due to excess of silane molecules which may act as plasticizers and deteriorated the impact 

strength. 

 

Figure 4.5. XRD micrographs of different pristine nanoclays to determine the location of d001 peak for (a) 

Cloisite®15A (CA), (b) Nanomer® I.28E (IE), and (c) Nanomer® PGV (PG) nanoclay. 
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For the silanized nanoclay, the layer of amino silane agent around the nanoclay surface reduces 

the platelet interaction and results in breaking of natural stacking sequence of platelets. This 

promotes uniform dispersion of clay at nano-level [20,92,195] which was validated through XRD 

and TEM analysis in the present research. Uniform clay dispersion results in more number of 

bonding sites between the epoxy-silanized nanoclay-glass fibers. Clay platelets dispersed at a 

nano-level also act as obstacles to crack propagation and result in crack deflection, crack pinning, 

and crack impeding [14,15].  

 

4.3 XRD and TEM analysis 

4.3.1 XRD diffractograms of different nanoclays for d-spacing values 

Figure 4.5 presents the XRD diffractograms for various pristine nanoclays investigated in the 

present research.  

 

Figure 4.6. XRD diffractograms of silanized ‘PG’ nanoclay under different conditions. 

 

The ‘2𝜃’ values for the ‘d001
’ peak for ‘CA’, ‘IE’, and ‘PG’ nanoclays were determined as 4.57°, 

5.55 ° , and 5.97 °  respectively corresponding to d-spacing value of 19.32  Å , 15.83  Å , and 
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14.80 Å, respectively. The d-spacing values for organically modified clays (i.e. ‘CA’ and ‘IE’ 

nanoclays) were higher than their unmodified hydrophilic counterpart (‘PG’ nanoclay). Similar 

observations had been also reported by Shelly et al. (2018) [15]. As stated earlier, ‘PG’ nanoclay 

was selected for silane treatment and also for further study in the present research because its 

reinforcement in the pristine state in GFRP resulted in better mechanical properties of GFRPs as 

compared to the other two counterparts (‘IE’ and ‘CA’ nanoclays).  

 

4.3.2 XRD diffractograms of silanized PG nanoclay for d-spacing values 

For silanization of PG nanoclay, silane agent concentration was selected as a proportion of weight 

of nanoclay (X) to be reinforced in the GFRP system. Silane agent concentrations considered to 

determine the optimum concentration for silane treatment were 1X, 2X, 3X, and 4X. Grafting of 

amino silane molecules (silane treatment) on the silicate platelets (nanoclay) shifted the d001 peak 

towards lower ‘2𝜃’ angles (Figure 4.6). Silane treated nanoclay (for all cases) showed substantially 

higher d-spacing values than the pristine nanoclay (Table 4.2).  

Hydroxyl groups present on the internal surfaces and edges of clay platelets react with amino silane 

and shift the d001 peak towards lower 2𝜃  angles (thereby increasing the d-spacing). Si─O─Si 

covalently bonded ‘bridge’ between clay and silane agent pulls the outer clay layers [196–198]. 

Increase in interlayer galleries gives more chance to silane molecules to penetrate into the galleries 

resulting in more d-spacing [195]. 

Table 4.2. Values of d-spacing for different nanoclays. 

Sample Designation 2𝜽  angle 

(degrees) 

d001 spacing 

(Å) 

1. Pristine nanoclays 

a) CA 4.570 19.319 

b) IE 5.577 15.834 

c) PG 5.968 14.797 

2. ‘PG’ nanoclay treated with different 

concentrations of silane agent 

a) 1XPGAW 5.293 16.683 

b) 2XPGAW 4.973 17.755 

c) 3XPGAW 4.878 18.100 

d) 4XPGAW 4.949 17.840 

e) 1XPGAW* 4.914 17.969 

f) 2XPGAW* 4.618 19.121 

g) 3XPGAW* 4.464 19.780 

h) 4XPGAW* 4.511 19.573 
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The highest d-spacing value (with maximum shifting of d001 peak towards the left) was observed 

for nanoclay treated with 3X silane agent, for both type of cases viz. ‘with  acetone washing’ and 

‘without acetone washing’. The 2𝜃 shift was from 5.968° to 4.878°  and from 5.968° to 4.464° for 

the two cases respectively. Increase in d-spacing value was till an optimum concentration of silane 

agent (here 3X). These observations were attributed to availability of silane molecules in 

abundance which could intercalate between the clay layers forming a silane three-dimensional 

network. Beyond a limit, new silane molecules could not further intercalate between the clay layers 

owing to which no further increase in d-spacing was observed [195]. Further, for any given silane 

concentration, the silane treated clays of the case, ‘without acetone washing’, showed more d-

spacing than nanoclays washed with acetone after silane treatment (‘with acetone washing’ case). 

This suggested that nano-sized clay platelets were being ‘washed out’ of the material on washing 

with acetone. As a result, comparatively large sized clay particles were being retained after 

washing which provided lesser d-spacing [25].  

 

Figure 4.7. XRD diffractograms of (a) 2PGC nanocomposite and (b) 3X2PGAW*C nanocomposite for 

observing the type of nanoclay morphology obtained in GFRPs. 
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4.3.3 XRD and TEM analysis of GFRPs for clay morphology 

GFRPs reinforced with pristine PG nanoclay as well as those containing silanized PG nanoclay 

did not show any d001 peak in XRD diffractograms indicating partially/fully exfoliated clay 

morphology in the processed GFRPs.  Figure 4.7 shows diffractograms for two of the processed 

GFRPs (a) 2PGC nanocomposite (i.e. GFRP containing 2 phr of pristine PG nanoclay), and (b) 

3X2PGAW*C nanocomposite (i.e. GFRP showing the best combination of  impact strength and 

tensile properties containing 2 phr of 3X silanized PG nanoclay of ‘without acetone washing’ 

case).  

 

Figure 4.8. TEM micrographs of (a) 2PGC, and (b) 3X2PGAW*C nanocomposites for observing the type of 

nanoclay morphology obtained in GFRPs. 

 

For validation of XRD results, TEM analysis of two of the processed GFRPs was performed 

(Figure 4.8). TEM micrographs revealed a mixed type of nanoclay morphology comprising of (a) 

mainly exfoliated silicate platelets dispersed randomly (blue highlighted areas), and (ii) 
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intercalated structures at a few places (red highlighted areas). This showed that the epoxy resin 

monomers were able to penetrate into the interlayer galleries of silicate platelets. Consequently, 

either exfoliated platelets were randomly dispersed (complete exfoliation) or the interlayer 

galleries between the platelets increased (intercalation); thus, the nanoclay morphology achieved 

in the GFRPs processed in the present research has been mentioned as partially exfoliated. This 

exfoliated morphology confirmed that the processing conditions used in the present research for 

dispersion of nanoclay were effective, and thus, similar processing methodology was used for 

processing of all the GFRPs in the present work. 

 

4.4 FTIR analysis to confirm silanization of nanoclay 

FTIR analysis was used to confirm the silanization of clay platelets. FTIR spectrographs of pristine 

nanoclay and various silanized nanoclays are presented in Figure 4.9.  

 

Figure 4.9. FTIR spectra of pristine nanoclay and silanized nanoclays under various conditions. 

 

Montmorillonite nanoclay has been used in the present research. Its structure comprises of repeated 

units of two tetrahedral sheets and one octahedral sheet. Hydroxyl groups (OH groups) which are 
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formed from trapped water molecules or free silanol groups of the silane agents are generally 

available at the broken edges of platelets. Hydroxyl groups  have good reactive ability, 

especially with the multi-functional silane agents [196,199]. OH groups are capable of getting 

condensed with hydrolysed–SiOH groups, or with water existing in silane molecules, or with           

–SiOCH2CH3 molecules present in other organic solvents [20,200–202].  

The peak observed around 3620 cm-1 (for both, pristine as well as silanized nanoclays) corresponds 

to Al–OH or Mg–OH groups present in the nanoclay. This peak may also be linked to methanol 

group, silanol, or water [20,203]. Further, the broad peak observed around 3433 cm-1 (for both, 

pristine as well as silanized nanoclays) corresponds to the OH or N–H groups. OH group may have 

come from trapped water molecules from the surface of silicate platelets or from the free silanol 

groups of silane agents attached chemically/physically on the surface of nanoclay [195]. The peak 

shift from 1638 cm-1 to 1615 cm-1 after silane treatment corresponded to hydroxyl bending in 

absorbed water. The intensity of this peak reduced after silanization of nanoclay, which may be 

ascribed to covalent bonding of hydroxyl groups with silane agent. The new peak observed around 

1550 cm-1 in silanized clays signified the bending vibration of –NH2 group [204]. The peaks 

observed in the range of 1500–700 cm-1 correspond to Si–O stretching [203]. Si–O–Si stretching 

vibration peak was detected around 1055 cm-1 in pristine clay. This peak around 1055 cm-1 

broadened after silane treatment due to formation of extra Si–O–Si bonds. This broadening of the 

peak around 1055 cm-1 confirmed successful grafting of trifunctional amino silane into the 

interlayer galleries of silicate platelets [20]. Some peaks were observed around 844 cm-1, 790 cm-

1, and 700 cm-1 (for both, pristine as well as silanized clays) which corresponded to the Al–Al–OH 

and Al–Mg–OH bending vibrations [205].  

 

4.5 SEM analysis of fracture surface of  impact test specimens of nanoclay reinforced GFRPs  

SEM micrographs of the facture surface of Izod impact test samples of base composite and 

different GFRPs reinforced with pristine nanoclays are presented in Figure 4.10. Fracture surface 

of the reference composite (RC) presented a fine and smooth glass fiber surface (Figure 4.10a). It 

was observed that matrix material was not adhering to the glass fiber surface indicating lack of 

interaction between glass fibers and epoxy matrix. This resulted in lower Izod impact strength of 

the reference sample. Figure 4.10b–d presents the fracture surface of impact specimens of 2PGC, 

2CAC, and 2IEC nanocomposites. The micrographs showed relatively rougher surface of glass 
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fibers as compared to that in the reference composite (RC). GFRP reinforced with PG nanoclay 

showed the roughest surface (Figure 4.10b) amongst pristine nanoclay reinforced GFRPs. This 

validated its highest impact strength among the GFRPs reinforced with different pristine 

nanoclays.   

 

Figure 4.10. SEM micrographs of fracture surface of impact test specimens of (a) RC, (b) 2PGC, (c) 2CAC, and 

(d) 2IEC composites. 

 

SEM micrographs of nanocomposites reinforced with 2X silane treated nanoclay for ‘with acetone 

washing’ case (2X concentration showed best combination of mechanical properties for ‘with 

acetone washing’ case) and 3X silane treated nanoclay for ‘without acetone washing’ (3X 

concentration showed best combination of mechanical properties for ‘without acetone washing’ 

case) are shown in Figure 4.11. Comparing the results of Figure 4.11a and Figure 4.11c with Figure 

4.10b, it is clear that glass fiber surface is rougher in GFRPs reinforced with silanized clay (Figure 

4.11a/Figure 4.11c) compared to the GFRP with pristine clay (Figure 4.10b). This indicated that 

addition of silanized nanoclay enhanced the interfacial interaction among various constituents of 

GFRPs. Figure 4.11a and Figure4.11c reveal that epoxy-silanized clay mixture was more 

uniformly distributed on the glass fiber surface due to affinity of silanized nanoclay layers with 
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glass fibers. This also suggested that there was a strong bonding among constituents of GFRPs 

reinforced with silanized nanoclay which improved the impact strength. Further, Figure 4.11b and 

Figure 4.11d revealed that there was no fiber pull-out, signifying significant interfacial bonding. 

For these reasons, GFRPs reinforced with silanized nanoclay showed superior impact strength. 

 

Figure 4.11. SEM micrographs of fracture surface of impact test specimens of GFRPs reinforced with 2 phr of 

silanized nanoclay for (a)  2X2PGAWC at X500, (b) 2X2PGAWC at X750, (c) 3X2PGAW*C at X500, and (d) 

3X2PGAW*C at X750. 

 

Reinforcement of 2 phr of 3X silane treated nanoclay (‘without acetone washing’) to the reference 

composite exhibited 27%, 16%, and 6% improvement in impact strength, tensile strength and 

tensile modulus respectively for the resulting GFRP nanocomposite.  

The next chapter presents the results and discussion on the effect of reinforcing silanized nanoclay 

along with ultra high molecular weight polyethylene fibers (UHMWPE) on the impact strength 

and tensile properties of epoxy based GFRP nanocomposites.  
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Chapter 5. Effect of reinforcing UHMWPE fibers and silanized nanoclay on the 

mechanical properties of GFRPs  

 

5.1 Overview 

This chapter presents the results and discussion on the mechanical properties of epoxy based 

GFRPs reinforced with silanized nanoclay and ultra high molecular weight polyethylene 

(UHMWPE) fibers. Silanized nanoclay was added in a fixed amount and UHMWPE fibers were 

added in varying amounts for processing of various GFRPs. UHMWPE fibers were used both in 

the pristine as well as in the surface treated (compatibilized) state. Four compatibilization methods 

were used including (i) potassium permanganate treatment, (ii) silanization with 3-

aminopropyltriethoxy silane agent, (iii) potassium permanganate treatment followed by 

silanization, and (iv) UV-assisted MAH grafting. The chapter also discusses the results of various 

characterization techniques (SEM, EDS, and FTIR) used for validation of compatibilization of 

UHMWPE fibers and for observing the interaction among various constituents of nanocomposite 

system.  

 

5.2 Mechanical properties of nanoclay-UHMWPE fiber reinforced GFRPs 

Figures 5.1–5.2 and Table 5.1 present the results of impact strength, tensile strength, and tensile 

modulus values obtained for GFRPs reinforced with 2 phr of silanized nanoclay and different 

concentrations of UHMWPE fibers (pristine as well as compatibilized). The tensile stress versus 

percentage elongation behaviour is given in Figure A2, Appendix I. 

Impact strength and tensile properties improved after addition of 2 phr of PG nanoclay to the 

reference composite (RC). Epoxy based GFRP reinforced with 2 phr of pristine nanoclay (i.e. 

2PGC) showed an improvement in mechanical properties (23.5%, 4%, and 14% improvement in 

impact strength, tensile strength, and tensile modulus respectively over reference composite, RC). 

Further, when epoxy based GFRP was reinforced with 2 phr of silanized nanoclay (i.e. 2PG*C) 

there was further improvement in impact strength and tensile strength (27% and 16% improvement 

respectively over RC). The improvement in mechanical properties was attributed to better bonding 

of silanized clay with epoxy. Silanized clay-epoxy bonding improved because of increased d-

spacing of nanoclay after silanization (as discussed in Chapter 4). Further, the partially exfoliated 

morphology of nanoclay obtained in 2PG*C composite resulted in more number of interfacial 

bonding sites for epoxy-silanized clay-glass fiber system.  
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Table 5.1. Mechanical properties of GFRPs reinforced with 2 phr of silanized nanoclay and different 

concentrations of UHMWPE fibers (pristine as well as compatibilized). 

S. No. Sample 

Designation# 

Impact Strength 

(kJ/m2) 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 

1.  RC 153±9 338±7 7.48±0.10 

2.  2PGC 189±17 351±4 8.51±0.04 

3.  2PG*C 194±2 392±9 7.91±0.03 

4.  2PG*0.125UC 144±14 368±4 7.58±0.04 

5.  2PG*0.250UC 158±10 259±3 6.74±0.03 

6.  2PG*0.375UC 147±3 315±2 7.34±0.05 

7.  2PG*0.500UC 136±9 318±4 7.38±0.08 

8.  2PG*0.25UPC 189±9 405±9 8.29±0.03 

9.  2PG*0.25UAC 161±3 398±6 8.58±0.02 

10.  2PG*0.25UPAC 199±10 396±7 8.22±0.05 

11.  2PG*0.25UMC 191±1 364±7 8.46±0.06 

       #: Details of various designations is given in nomenclature 

 

 

 

Figure 5.1. Impact strength of reference composite and various GFRPs reinforced with 2 phr of silanized PG 

nanoclay and different concentrations of UHMWPE fibers (pristine as well as compatibilized). 
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Figure 5.2. Tensile properties of reference composite and various GFRPs reinforced with 2 phr of silanized PG 

nanoclay and different concentrations of UHMWPE fibers (pristine as well as compatibilized) showing (a) 

tensile strength, and (b) tensile modulus values for composites. 

a 

b 
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Reinforcement of pristine UHMWPE fibers (in any concentration; 0.125−0.50 phr) to 2PG*C 

composite deteriorated the mechanical properties of resulting GFRP nanocomposites 

(2PG*0.125UC, 2PG*0.250UC, 2PG*0.375UC, and 2PG*0.500UC). Pristine UHMWPE fibers 

are chemically inert having a linear long chain with high degree of orientation and crystallinity 

[99,206,207]. This renders the pristine UHMWPE fibers unsuitable for interaction with epoxy 

causing poor interfacial bonding between the two, and hence, lower mechanical performance of 

resulting composites. To resolve this issue, UHMWPE fibers were subjected to surface treatment 

(compatibilization) using four different techniques viz. (i) potassium permanganate treatment (T1), 

(ii) silanization with 3-aminopropyltriethoxy silane agent (T2), (iii) potassium permanganate 

treatment followed by silanization (T3), and (iv) UV-assisted MAH grafting (T4).  Among the 

pristine UHMWPE fiber reinforced epoxy-nanoclay based GFRPs, the best results (mechanical 

properties) were obtained with 0.250 phr UHMWPE fiber concentration. For this reason, 0.250 

phr fiber loading was selected for processing of epoxy-nanoclay based GFRPs reinforced with 

compatibilized UHMWPE fibers (0.250 phr) and silanized nanoclay (2 phr). Reinforcement of 

these compatibilized UHMWPE fibers treated with T1, T2, T3, and T4 treatments resulted in 

increase in impact strength and tensile strength of resulting GFRPs by 24% & 20%, 5% & 18%, 

30% & 17%, and 25% & 8% respectively over the reference composite (RC). It was noted that 

2PG*0.250UPAC composite (GFRP having 2 phr of silanized nanoclay and 0.250 phr of T3 

surface treated UHMWPE fibers) showed the best combination of properties. Compared to its 

counterpart containing pristine UHMWPE fibers, the 2PG*0.250UPAC composite showed 

improvement of 53%, 22%, and 26% in tensile strength, tensile modulus, and impact strength 

respectively.  

For validation of results, current results compared with the available literature. Several studies are 

available in literature which investigate the effect of reinforcing either nano-particles, or 

thermoplastic fibers, or both on the properties of resulting composites. Different nano-

reinforcements used include nanoclay, alumina, titanium dioxide, and carbon nanotubes. Addition 

of nano-particles showed improvements mainly in tensile properties, flexural properties, and inter-

laminar shear strength with only minor improvement in impact strength [1,14–16,33,194,208–

211]. Different thermoplastic fibers used as reinforcement in epoxy resin include polypropylene 

(PP), polyethylene terephthalate (PET), para-aramid, and polyethylene fibers. Addition of pristine 

(untreated) fibers showed either deterioration or only minor improvement in mechanical properties 
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due to lack of compatibility of thermoplastic fibers with other constituents of composites. To 

improve compatibility, surface modification (compatibilization) of fibers is reported in literature. 

Reinforcement of compatibilized fibers showed significant improvement in mechanical 

performance of composites [99,104,106,188,207,212–214]. In the context of present research, 

three studies are available in literature. Singh’s group [32,34,35] fabricated epoxy based GFRPs 

with addition of pristine nanoclay and different micro-fillers viz. (i) PP, (ii) PET, (iii) EPDM 

(ethylene propylene diene monomer) to investigate their effect on mechanical properties of 

resulting GFRPs. The results showed significant improvements in impact strength with 

degradation in tensile and flexural properties. However, in the present work, both impact strength 

as well as tensile properties showed significant improvements.  

UHMWPE fibers were treated in four different ways. GFRPs containing 2 phr of silanized 

nanoclay and 0.250 phr of T3 surface treated UHMWPE fibers showed the best combination of 

properties. The advantages of potassium permanganate treatment followed by silanization of 

UHMWPE fibers (i.e. T3 treatment) are discussed here. After a given treatment, the surface of 

treated fibers had a coating of the treating solution over it. The presence of coating on the surface 

of fibers impeded the fiber-fiber contact and reduced agglomeration of fibers during processing of 

GFRPs. This led to uniform distribution of fibers in the GFRPs. Further, the layer of coating 

solution on the fiber surface was irregular. This irregular surface boosted the bonding among 

constituents of nanocomposite by mechanical interlocking [97,98,215]. The irregular surfaces for 

surface treated fibers were observed in the present research also and were shown in Figure 5.3. 

Silane agents were used to improve the bonding between treated thermoplastic fibers and other 

constituents of GFRP system. Silane agents have two functional groups, one group attaches to an 

organic constituent and the other group attaches to an inorganic constituent. General chemical 

formula of silane agent is R3Si–X (where R is organofuntional group, Si is silicon, and X is 

hydrolyzable group) [32,35]. Silane agent forms a bridge of covalent bonds between the fiber(s) 

and the matrix. The X group reacts with epoxy matrix. The Si–OR bonds hydrolyze quickly in 

aqueous solution to make silanol Si–OH groups and react with hydroxyl group of fiber [32]. The 

silane agent used in the present research contained X group of 3-aminopropyl and the R group was 

ethoxy. During drying after silanization, reverse condensation takes place and silanol and –OH 

groups form polysiloxane on the surface, here UHMWPE fibers [195]. The X group present on the 

surface of fibers reacts with the epoxy and a stable covalent bond is formed between them. On 
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completion of all the reactions, the strong primary bonds act as a bridge between fibers and epoxy 

matrix. Consequently, multi-scale filler reinforced GFRPs reinforced with 2 phr of silanized 

nanoclay and 0.250 phr of compatibilized UHMWPE fibers (potassium permanganate treatment 

followed by silanization) exhibited best mechanical performance among GFRPs reinforced with 

compatibilized UHMWPE fibers. 

 

5.3 SEM and EDS analysis for confirming surface treatment of UHMWPE fibers 

Figure 5.3−5.4 present the SEM-EDS analysis of UHMWPE fibers used in the present research. 

SEM micrograph of the pristine UHMWPE fibers showed that their surface was very smooth 

(Figure 5.3a). EDS analysis of pristine fibers showed presence of carbon (C) and oxygen (O) only. 

After T1 treatment (potassium permanganate), the surface of fibers became rougher compared to 

pristine UHMWPE fiber surface (Figure 5.3b). Increased roughness of fibers indicated that 

KMnO4 treatment successfully modified the surface UHWMPE fibers. EDS analysis also validated 

the presence of potassium (K) and manganese (Mn) along with C and O (Figure 5.4b). After T2 

treatment, no major difference was observed between surface of pristine fibers and that of treated 

fibers (compare Figure 5.3a and Figure 5.3c). Only minor changes in surface roughness were 

observed for silane treated fibers. EDS analysis confirmed the silane treatment with presence of 

silicon (Si) along with C and O. After T3 treatment, the surface of UHMWPE fibers obtained was 

the roughest among all the cases of UHMWPE fibers (Figure 5.3d). T3 treatment was a 

combination of T1 and T2 treatments, applied in sequence. EDS results showed presence of K, 

Mn, Si along with C and O (Figure 5.4d). Finally, grafting of maleic anhydride (MAH) on the 

surface of fibers was observed (Figure 5.4e). EDS analysis was not able to validate the MAH 

grafting. To confirm the presence of MAH grafting on the surface of UHMWPE fibers, FTIR 

analysis was done (discussed in Section 5.4).  

All the four compatibilization methods used for surface treatment of UHMWPE fibers enhanced 

the properties of nanocomposites reinforced with these compatibilized fibers. The best 

combination of mechanical properties was provided by GFRP reinforced with 0.25 phr of T3 

treated UHMWPE fibers (2PG*0.25UPAC composites). During the T3 treatment, the surface of 

UHMWPE fibers became rough when initially subjected to potassium permanganate treatment. 

KMnO4 treatment increased the irregularities on the surface, thus increasing the surface area of 

fibers. During the subsequent silane treatment, the irregularities present on the fiber surface helped 



84 
 

in easy silane agent grafting. This coating (potassium permanganate followed by silanization) on 

the surface of UHMWPE fibers helped in uniform dispersion of fibers by reducing the fiber-fiber 

interaction.  

 

   

   

Figure 5.3. SEM micrographs of UHMWPE fibers showing their surface (a) in the pristine state, (b) after T1 

treatment, (c) after T2 treatment, (d) after T3 treatment, and (e) after T4 treatment. 

 

a 

b c 

d e 
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Figure 5.4. EDS spectrographs of UHMWPE fibers showing the presence of various constituents (a) in the 

pristine state, (b) after T1 treatment, (c) after T2 treatment, and (d) after T3 treatment. 

 

5.4 FTIR analysis to confirm surface treatment of UHMWPE fibers  

FTIR spectra of UHMWPE fibers is shown in Figure 5.5. Bands of C–H asymmetric/symmetric 

stretch vibrations, C–H asymmetric changing angle vibrations, –C–O asymmetric stretch 

vibrations, and C–H swing in-plane vibrations were observed in the UHMWPE fibers (for both, 

pristine as well as compatibilized) at around 2912 cm-1, 2846 cm-1, 1468 cm-1, 1100 cm-1, and 716 

cm-1 respectively [102,206]. The band at 3361 cm-1 for potassium permanganate treated UHMWPE 

fibers (i.e. T1 treated fibers) corresponded to the hydroxyl group [206]. The band around 1030 cm-

1 and 821 cm-1 in potassium permanganate treated UHMWPE fibers (i.e. T1 treated fibers) 

corresponded to C–O stretching and out of plane C–H bending respectively [99,102,206]. A new 

band in silanized UHMWPE fibers (i.e. T2 treated fibers) was observed at 1021 cm-1 which 

corresponded to Si–O–Si [16,20,195]. UHMWPE fibers treated with combination of potassium 

permanganate and silanization (i.e. T3 treated fibers) showed all peaks that were observed for 

UHMWPE fibers when treated with individual treatments (i.e. T1 and T2 treatments). This 

confirmed the combination of treatments. After MAH grafting of UHMWPE fibers (i.e. T4 treated 

fibers), the bands observed at 2605 cm-1 and 1706 cm-1 corresponded to the C–H vibrations and 

C=O stretching of anhydride present in MAH respectively [216,217]. The band at 1555 cm-1 

corresponded to the –COOH group [34]. The –C–O– stretching band was observed at 1258 cm-1 

[218]. New bands were observed after MAH grafting due to the formation of new polar groups 

from MAH on the PE fiber surface, thus confirming the MAH grafting. Thus, FTIR study validated 

the results obtained through SEM and EDS. 

d 
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Figure 5.5. FTIR spectra of (a) all the cases of UHMWPE fibers, (b) pristine versus T3 treated UHMWPE fibers. 

a 

b 
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5.5 SEM analysis of fracture surface of impact test specimens of GFRPs containing silanized 

nanoclay and UHMWPE fibers 

Figure 5.6 shows the SEM micrographs of impact test specimens of (i) RC, (ii) 2PGC, and (iii) 

2PG*C. SEM image of RC composite showed smooth surface of glass fibers with no traces of 

epoxy attached to them (Figure 5.6a). This indicated that the bond/interface between glass fibers 

and epoxy matrix was weak. Consequently, glass fibers were easily de-bonded from the matrix 

without much resistance under impact loading. However, the fracture surface of 2PGC (Figure 

5.6b) and 2PG*C (Figure 5.6c) nanocomposites were observed to be very rough as compared to 

RC composite due to the incorporation of nanoclay. This indicated strong bonding between glass 

fiber-epoxy-nanoclay. Further, comparing Figure 5.6b and Figure 5.6c, fracture surface of 2PG*C 

nanocomposite was even more uneven/rough in comparison to 2PGC nanocomposite. These 

observations corroborated well with the results of mechanical properties (2PG*C nanocomposite 

showed higher impact strength and tensile properties than 2PGC nanocomposite).  

 

   

Figure 5.6. SEM micrographs of fracture surface of impact test specimens of (a) RC, (b) 2PGC, and (c) 2PG*C 

composites.  

a 

b c 
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SEM micrographs of fracture surface of impact test specimens of 2PG*0.25UC, 2PG*0.25UPC, 

2PG*0.25UAC, 2PG*0.25UPAC, and 2PG*0.25UMC nanocomposites are presented in Figure 

5.7.  

 

  

  

Figure 5.7. SEM micrographs of fracture surface of impact test specimens of GFRPs reinforced with 2 phr of 

silanized nanoclay and 0.25 phr of UHMWPE fibers for (a) 2PG*0.25UC, (b) 2PG*0.25UPC, (c) 
2PG*0.25UAC, (d) 2PG*0.25UPAC, and (e) 2PG*0.25UMC nanocomposites. 

 

a 

b c 

d e 
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UHMWPE fibers and glass fibers are shown with the help of yellow and blue colored arrows 

respectively in Figure 5.7. The fractured fibers are highlighted with circles in red color. The surface 

of 2PG*0.25UC nanocomposite showed epoxy-silanized clay mixture attached to glass fibers at a 

few sites (Figure 5.7a). The UHMWPE fibers (in pristine state) were observed at a few places, but 

these untreated/pristine UHMWPE fibers were neither attached to the epoxy-silanized clay mixture 

nor to the glass fibers. This indicated lack of interaction among various constituents of the 

nanocomposite system. The addition of pristine UHMWPE fibers resulted in brittle fracture due 

to their characteristics like chemically inert surface, linear long chains with high degree of 

orientation and crystallinity. This caused poor interface between UHMWPE fibers and other 

constituents. Thus, lower mechanical performance of nanocomposites reinforced with 

pristine/untreated UHMWPE fibers was observed. 

Comparing the SEM micrographs of fracture surface of 2PG*0.25UPC, 2PG*0.25UAC, 

2PG*0.25UPAC, and 2PG*0.25UMC with 2PG*0.25UPC nanocomposite (comparing Figure 

5.7b–e with Figure 5.7a), it was observed that fracture surface of GFRPs reinforced with treated 

UHMWPE were rougher as compared to 2PG*0.250UC.  Epoxy-silanized clay mixture was 

uniformly distributed and was seen attached to the glass fibers. Further, the compatibilized 

UHMWPE fibers were uniformly distributed and were well bonded to the epoxy-silanized clay 

mixture because of the surface treatments (both of clay and UHMWPE fibers). Addition of 

compatibilized UHMWPE fibers enhanced the interfacial bonding among various constituents of 

GFRPs due to generation of a large number of covalent bonds among the constituents of composite 

system [219,220]. Further, fracturing of fibers and absence of fiber pull-out indicated effective 

stress transfer from matrix to reinforcements (nanoclay and glass/UHMWPE fibers) through a 

strong interface. 

Comparing the SEM micrographs of fracture surface of impact test specimens of various GFRPs 

reinforced with compatibilized UHMWPE fibers (Figure 5.7b–e), it was observed that epoxy-

silanized clay mixture and compatibilized UHMWPE fibers were more uniformly distributed in 

2PG*0.25UPAC composition (Figure 5.7d) as compared to other composites. This was concluded 

as the fracture surface of GFRPs reinforced with T3 treated UHMWPE fibers (Figure 5.7d) was 

the roughest among all GFRPs reinforced with compatibilized UHMWPE fibers (subjected to T1 

or T2, or T3 treatment). The uniform distribution of UHMWPE fibers in 2PG*0.25UPAC made 
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crack propagation very difficult resulting in absorption of more energy and hence higher impact 

strength.  

Epoxy based GFRP reinforced with 2 phr of silanized nanoclay and 0.250 phr of UHMWPE fibers 

treated with potassium permanganate solution followed by silanization (T3 treatment) exhibited 

30% and 17% improvement in impact strength and tensile strength respectively over the reference 

sample. 

The next chapter presents the results and discussion on the effect of reinforcing silanized nanoclay 

along with para-aramid fibers on the impact strength and tensile properties of epoxy based GFRP 

nanocomposites.  
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Chapter 6. Effect of reinforcing para-aramid fibers and silanized nanoclay on 

the mechanical properties of GFRPs 

 

6.1 Overview 

This chapter presents the results and discussion on the mechanical properties of epoxy based 

GFRPs reinforced with silanized nanoclay and para-aramid fibers. Silanized nanoclay was added 

in a fixed amount and para-aramid fibers were added in varying amounts for processing of various 

GFRPs.  Para-aramid fibers were used both in the pristine as well as in the surface treated 

(compatibilized) state. Four compatibilization methods were used including (i) phosphoric acid 

treatment, (ii) silanization with 3-aminopropyltriethoxy silane agent, (iii) phosphoric acid 

treatment followed by silanization, and (iv) UV-assisted MAH grafting. The chapter also discusses 

the results of various characterization techniques (SEM, EDS, and FTIR) used for confirming 

compatibilization of para-aramid fibers and for observing the interaction among various 

constituents of nanocomposite system.  

 

6.2 Mechanical properties of nanoclay-para-aramid fiber reinforced GFRPs 

Figures 6.1–6.2 and Table 6.1 present the results of impact strength, tensile strength, and tensile 

modulus values obtained for GFRPs reinforced with 2 phr of silanized nanoclay and different 

concentrations of para-aramid fibers (pristine as well as compatibilized). The tensile stress versus 

percentage elongation behaviour is given in as Figure A3, Appendix I. 

Impact strength and tensile properties improved after addition of 2 phr of PG nanoclay to the 

reference composite (RC). Epoxy based GFRP reinforced with 2 phr of pristine (untreated)  

nanoclay (i.e. 2PGC) showed an improvement in mechanical properties (23.5%, 4%, and 14% 

improvement in impact strength, tensile strength, and tensile modulus respectively over reference 

composite, RC). Further, when epoxy based GFRP was reinforced with 2 phr of silanized nanoclay 

(i.e. 2PG*C) there was further improvement in impact strength and tensile strength (27% and 16% 

improvement respectively over RC). The increase in impact strength and tensile strength may be 

attributed to (a) higher d-spacing of silanized nanoclay, (b) very fine-scale dispersion of silicate 

platelets in the epoxy resulting in increased bonding sites between glass fibers and epoxy-clay 

mixture, and (c) improved compatibility of silanized clay with epoxy matrix-glass fibers 

silanization (as discussed in Chapter 4). 
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Table 6.1. Mechanical properties of GFRPs reinforced with 2 phr of silanized nanoclay and different 

concentrations of para-aramid fibers (pristine as well as compatibilized). 

S. No. Sample 

Designation# 

Impact Strength 

(kJ/m2) 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 

1.  RC 153±9 338±7 7.48±.10 

2.  2PGC 189±17 351±4 8.51±.04 

3.  2PG*C 194±2 392±9 7.91±.02 

4.  2PG*0.5PC 146±8 369±10 7.38±.05 

5.  2PG*1.0PC 150±10 372±4 7.33±.08 

6.  2PG*1.5PC 148±6 304±8 7.29±.09 

7.  2PG*2.0PC 145±11 369±7 7.40±.04 

8.  2PG*1.0PPC 186±6 401±4 8.46±.06 

9.  2PG*1.0PAC 195±2 375±9 8.52±.02 

10.  2PG*1.0PPAC 187±14 357±4 8.12±.04 

11.  2PG*1.0PMC 205±6 357±5 7.50±.04 

       #: Details of various designations is given in nomenclature 

 

 

 

Figure 6.1. Impact strength of reference composite and various GFRPs reinforced with 2 phr of silanized 

nanoclay and different concentrations of para-aramid fibers (pristine as well as compatibilized). 
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Figure 6.2. Tensile properties of reference composite and various GFRPs reinforced with 2 phr of silanized PG 

nanoclay and different concentrations of para-aramid fibers (pristine as well as compatibilized) showing (a) 

tensile strength, and (b) tensile modulus values for composites. 

 

a 

b 
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Reinforcement of pristine para-aramid fibers (in any concentration; 0.50−2.00 phr) to 2PG*C 

composite deteriorated the mechanical properties of resulting GFRP nanocomposites (2PG*0.5PC, 

2PG*1.0PC, 2PG*1.5PC, and 2PG*2.0PC). Pristine para-aramid fibers lack in polar functional 

groups, possess high crystallinity, and have a chemically inert surface [221–223]. For these 

reasons, the pristine para-aramid fibers were incompatible for interaction with the hydrophobic 

epoxy resin. To resolve this issue, para-aramid fibers were subjected to surface treatment 

(compatibilization) using four different techniques viz. (i) phosphoric acid treatment (T5), (ii) 

silanization with 3-aminopropyltriethoxy silane (T2); same as was used for UHMWPE fibers, (iii) 

phosphoric acid treatment followed by silanization (T6), and (iv) UV-assisted MAH grafting (T4); 

same as was used for UHMWPE fibers. Among the pristine para-aramid fiber reinforced epoxy-

nanoclay based GFRPs, the best results (mechanical properties) were obtained with 1.00 phr para-

aramid fiber concentration. For this reason, 1.00 phr fiber loading was selected for processing of 

epoxy-nanoclay based GFRPs reinforced with compatibilized para-aramid fibers (1.00 phr) and 

silanized nanoclay (2 phr). Reinforcement of these compatibilized para-aramid fibers treated with 

T5, T2, T6, and T4 treatments resulted in increase in impact strength and tensile strength of 

resulting GFRPs by 22% & 19%, 27% & 11%, 22% & 6%, and 34% & 6% respectively over the 

reference composite (RC). It was noted that 2PG*1.0PMC composite (GFRP having 2 phr of 

silanized nanoclay and 1.0 phr of T4 surface treated para-aramid fibers) showed the best 

combination of properties. Compared to its counterpart containing pristine para-aramid fibers, the 

2PG*1.0PC composite showed improvement of 37% in impact strength.  

It is well reported in literature that there are different thermoplastic fibers which are used as 

reinforcement in epoxy resin. These include polypropylene (PP), polyethylene terephthalate 

(PET), para-aramid, and polyethylene fibers  [1,32–34,101,118,157,159,161,207,212,224]. 

Addition of these fibers in the pristine (untreated) state generally shows deterioration (or only 

minor improvement) in mechanical properties of the resulting GFRPs containing such fibers 

[33,44,50]. In the pristine state, there is a lack of compatibility of thermoplastic fibers with other 

constituents of composites. To improve compatibility, surface modification (compatibilization) of 

fibers is reported in literature [1,32,34,35,44,99,142,151,215]. Reinforcement of compatibilized 

fibers has been reported to show significant improvements in mechanical performance of 

composites [147,153,223,225]. For validation of results, current results compared with the 

available literature. In the context of present research, three studies are available in literature. 
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Singh’s group [32,34,35] fabricated epoxy based GFRPs with addition of pristine nanoclay and 

different micro-fillers added separately viz. (i) PP, (ii) PET, (iii) EPDM (ethylene propylene diene 

monomer) to investigate their effect on the mechanical properties of resulting GFRPs. Singh’s 

group [32,34,35] achieved significant improvements in impact strength, but there was deterioration 

in tensile properties. However, in the present work, both impact strength and tensile properties 

showed significant improvements. Maximum improvement in impact strength (34% higher than 

RC) along with improved tensile strength (6% higher than RC) was achieved with 2PG*1.0PMC 

composite which contained MAH grafted para-aramid fibers (T4 treated fibers). 

With regards to MAH grafting, when MAH is exposed to UV rays, it develops eximers, as 

illustrated in Equation 1. 

2𝑀𝐴𝐻𝑈𝑉 → 𝑀𝐴𝐻+ 𝑀𝐴𝐻−                                                  ---------- (1) 

MAH eximers developed according to Equation 1 are abstracted by hydrogen atoms from para-

aramid fibers which promote cross-linking reaction. This leads to grafting of MAH on para-aramid 

fibers successfully [34]. Successful MAH grafting of para-aramid fibers strengthens the bonding 

among dissimilar constituents of GFRPs. Thus, higher impact strength was witnessed for GFRPs 

reinforced with MAH grafted para-aramid fibers (2PG*1.0PMC).   

 

6.3 SEM and EDS analysis for confirming surface treatment of para-aramid fibers 

Figure 6.3−6.4 present the SEM micrographs and EDS analysis respectively of the para-aramid 

fibers used in the present work. Pristine para-aramid fibers showed a very smooth and fine surface 

(Figure 6.3a). EDS analysis of pristine para-aramid fibers (Figure 6.4a) showed presence of carbon 

(C), sodium (Na), nitrogen (N), and oxygen (O). Next, the T5 treatment (using phosphoric acid) 

provided to para-aramid fibers made the surface of fibers rougher as compared to pristine state 

(Figure 6.3b). EDS results reported presence of C, Na, N, O, and also phosphorus (P) after T5 

treatment. The presence of phosphorous in the spectrographs confirmed the presence of phosphoric 

acid coating (Figure 6.4b). Further, T2 treatment (using APTES silane agent) made the surface of 

fibers even rougher (Figure 6.3c). EDS results reported presence of C, Na, N, O, and also silicon 

(Si) after T2 treatment and thus, confirmed grafting of silane agent on the fibers (Figure 6.4c). 

Next, with T6 treatment (combination of phosphoric acid treatment followed by silanization), only 

minor changes were observed on the surface of para-aramid fibers (Figure 6.3d). Various elements 

observed in the EDS spectra included C, Na, N, O, and also P & Si (Figure 6.4d). Finally, T4 
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treatment (UV-assisted MAH grafting) also made the surface of fibers rougher as compared to the 

pristine state. Grafting of MAH on the surface of PA fibers was clearly observed (Figure 6.3e). To 

further confirm the MAH grafting, FTIR analysis of para-aramid fibers was done (same as 

discussed in Section 6.4). All treatments (T5, T2, T6, and T4) given to para-aramid fibers improved 

the performance of GFRPs reinforced with these surface-modified para-aramid fibers. Maximum 

impact strength was obtained in 2PG*1.0PMC nanocomposite system (34% higher than RC).  

 

   

   

Figure 6.3. SEM micrographs of para-aramid fibers showing their surface (a) in the pristine state, (b) after T5 
treatment, (c) after T2 treatment, (d) after T6 treatment, and (e) after T4 treatment. 

 

a 

b c 

d e 
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Figure 6.4. EDS spectrographs of para-aramid fibers showing the presence of various constituents (a) in the 

pristine state, (b) after T5 treatment, (c) after T2 treatment, and (d) after T6 treatment. 

 

6.4 FTIR analysis to confirm surface treatment of para-aramid fibers 

FTIR diffractograms of pristine and compatibilized para-aramid fibers are shown in Figure 6.5. 

The peak around 3310 cm-1 observed in pristine and compatibilized para-aramid fibers 

corresponded to the N–H stretching and stretching vibration of O–H group [226,227]. The three 

major peaks around 1635 cm-1, 1538 cm-1, and 1305 cm-1 present in pristine and compatibilized 

para-aramid fibers corresponded to Amide I (C=O stretching), Amide II (C–N stretching and in-

plane N–H), and Amide III (C–N, C–C, and N–H vibrations) respectively [226,227]. The 

intensities of all three peaks increased after compatibilization of para-aramid fibers owing to 

oxidation and etching of fibers [228]. Another possible reason for higher intensities of these peaks 

after phosphoric acid treatment (T5 treatment) was the presence of increased acidic group on the 

surface of para-aramid fibers [147]. The intensity of peak at 3310 cm-1 increased and broadened 

after phosphoric acid treatment of para-aramid fibers due to presence of increased O–H group, 

hence confirmed the surface modification. The peaks observed at around 2750 cm-1 and 2355 cm-

1 corresponded to the weak O–H group and C=O stretching respectively. The higher intensity peak 

at around 1220 cm-1 in silanized para-aramid fibers corresponded to C–N and indicated the 

successful hydrolysis of Si−OCH2CH3 [229]. The peak observed around 1195 cm-1 was due to Si–

CH2–R stretching vibration [230]. The intensities of 1635 cm-1, 1538 cm-1, and 1305 cm-1 peaks 

increased (as discussed above), and confirmed the successful grafting of 3-aminopropyltriethoxy 

silane (T2 treatment) on the surface of para-aramid fibers. As compared to pristine para-aramid 

fibers, the MAH grafted para-aramid fibers had some additional peaks at 2925 cm-1, 2595 cm-1, 

d 
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and 1706 cm-1. The peaks at 2925 cm-1 and 2595 cm-1 corresponded to the C–H vibrations. The 

peak at 1706 cm-1 corresponded to the C=O stretching of anhydride present in MAH [34]. This 

confirmed the MAH grafting (T4 treatment) of para-aramid fibers. Thus, FTIR study validated the 

results obtained through SEM and EDS. 

 

 

 

Figure 6.5. FTIR spectra of (a) all the cases of para-aramid fibers, (b) pristine versus T4 treated para-aramid 

fibers. 

a 

b 
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6.5 SEM analysis of fracture surface of impact test specimens of GFRPs containing silanized 

nanoclay and para-aramid fibers 

Figure 6.6 presents the SEM micrographs of fracture impact test specimens of (i) reference 

composite (RC), (ii) 2PGC, and (iii) 2PG*C compositions. Figure 6.6a shows less interaction 

between glass fibers and epoxy resulting in easy debonding of glass fibers from the matrix material 

under applied load, and hence, lower mechanical properties. SEM image of 2PGC nanocomposite 

shows uniformly distributed silicate platelets (Figure 6.6b) which provided resistance to applied 

load. SEM micrograph of 2PG*C nanocomposite (Figure 6.6c) showed more effective interaction 

between glass fibers-epoxy because of the presence of silanized nanoclay. The epoxy-silanized 

clay mixture was more uniformly distributed on the glass fiber surface due to affinity of silanized 

nanoclay layers for glass fibers. Glass fiber and clay, both are inorganic materials functionalized 

at the surface with organic molecules which results in polarity match between their respective 

surfaces [15,25,38].  

 

   

Figure 6.6. SEM micrographs of fracture surface of impact test specimens of (a) RC, (b) 2PGC, and (c) 2PG*C 

composites. 

a 

b c 
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Figure 6.7 presents the SEM micrographs of fracture surfaces of 2PG*1.0PC, 2PG*1.0PPC, 

2PG*1.0PAC, 2PG*1.0PPAC, and 2PG*1.0PMC nanocomposites after Izod impact testing. Green 

and blue color arrows are indicating para-aramid fibers and glass fibers respectively. Red color 

circles are indicating fibers which got fractured under loading. 

 

  

  

Figure 6.7. SEM micrographs of fracture surface of impact test specimens of GFRPs reinforced with 2 phr of 

silanized nanoclay and 1.0 phr para-aramid fibers for (a) 2PG*1.0PC, (b) 2PG*1.0PPC, (c) 2PG*1.0PAC, (d) 

2PG*1.0PPAC, and (e) 2PG*1.0PMC nanocomposites. 

a 

b c 

d e 
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For nanocomposite containing pristine para-aramid fibers (i.e., 2PG*1.0PC), SEM micrographs 

revealed (i) fine and smooth surface of glass fibers and para-aramid fibers, and (ii) very little 

epoxy-clay blend bonded to glass fibers and para-aramid fibers (Figure 6.7a). These observations 

confirmed lack of interfacial bonding of pristine para-aramid fibers with other constituents of 

GFRPs and so low value of impact strength/tensile properties for the resulting composites. Further, 

for nanocomposites containing compatibilized para-aramid fibers, SEM micrographs revealed (i) 

relatively rougher surface of glass fibers and para-aramid fibers (GFRP reinforced with MAH 

grafted para-aramid fibers was the roughest, Figure 6.7e), and (iii) relatively more amount of 

epoxy-clay mixture attached to the glass fibers and para-aramid fibers (Figure 6.7b–e). Also, 

fractured fibers were observed (Figure 6.7b–e). Finally, fiber pull-out was absent which indicated 

strong bonding among constituents of GFRPs.  

Thus, the addition of silanized nanoclay and compatibilized para-aramid fibers resulted in superior 

mechanical properties of GFRPs. Four different methods were utilized for the compatibilization 

of para-aramid fibers. Each method provided a coating on the para-aramid fiber surface to prevent 

fiber-fiber interaction and promoted effective dispersion of fibers in the epoxy-clay-glass fiber 

system. This led to improved interaction of these micro-fillers with other constituents of GFRPs. 

Reinforcement of MAH grafted para-aramid fibers provided the best results. 

Epoxy based GFRP reinforced with 2 phr of silanized nanoclay and 1.0 phr of para-aramid fibers 

treated with UV-assisted MAH grafting (T4 treatment) exhibited 34% and 6% improvement in 

impact strength and tensile strength respectively over the reference sample. 

The next chapter presents the results and discussion on the effect of reinforcing silanized nanoclay 

along with Inviya fibers on the impact strength and tensile properties of epoxy based GFRP 

nanocomposites.  
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Chapter 7. Effect of reinforcing Inviya fibers and silanized nanoclay on the 

mechanical properties of GFRPs 

 

7.1 Overview 

This chapter presents the results and discussion on the mechanical properties of epoxy based 

GFRPs reinforced with silanized nanoclay and Inviya (Spandex) fibers. Silanized nanoclay was 

added in a fixed amount and Inviya fibers were added in varying amounts for processing of various 

GFRPs. Inviya fibers were used both in the pristine as well as in the surface treated 

(compatibilized) state. Four compatibilization methods were used including (i) phosphoric acid 

treatment, (ii) silanization with 3-aminopropyltriethoxy silane agent, (iii) phosphoric acid 

treatment followed by silanization, and (iv) UV-assisted MAH grafting. The chapter also discusses 

the results of various characterization techniques (SEM, EDS, and FTIR) used for confirming 

compatibilization of Inviya fibers and for observing the interaction among various constituents of 

nanocomposite system. 

 

7.2 Mechanical properties of nanoclay-Inviya fiber reinforced GFRPs 

Figures 7.1–7.2 and Table 7.1 present the results of impact strength, tensile strength, and tensile 

modulus values obtained for GFRPs reinforced with 2 phr of silanized nanoclay and different 

concentrations of Inviya fibers (pristine as well as compatibilized). The tensile stress versus 

percentage elongation behaviour is available as Figure A4, Appendix I. 

Impact strength and tensile properties improved after addition of 2 phr of PG nanoclay to the 

reference composite (RC). Epoxy based GFRP reinforced with 2 phr of pristine nanoclay (i.e. 

2PGC) showed an improvement in mechanical properties (23.5%, 4%, and 14% improvement in 

impact strength, tensile strength, and tensile modulus respectively over the reference composite, 

RC). Further, when epoxy based GFRP was reinforced with 2 phr of silanized nanoclay (i.e. 

2PG*C) there was further improvement in impact strength and tensile strength (27% and 16% 

improvement respectively over RC). The improvement in mechanical properties was attributed to 

better bonding of silanized clay with epoxy. Silanized clay-epoxy bonding improved because of 

increased d-spacing of nanoclay after silanization (as discussed in Chapter 4). Further, the partially 

exfoliated morphology of nanoclay obtained in 2PG*C composite resulted in more number of 

interfacial bonding sites for epoxy-silanized clay-glass fiber system. 



105 
 

Table 7.1. Mechanical properties of GFRPs reinforced with 2 phr of silanized nanoclay and different 

concentrations of Inviya fibers (pristine as well as compatibilized). 

S. No. Sample 

Designation# 

Impact Strength 

(kJ/m2) 

Tensile Strength 

(MPa) 

Tensile Modulus  

(GPa) 

1.  RC 153±9 338±7 7.48±0.10 

2.  2PGC 189±17 351±4 8.51±0.04 

3.  2PG*C 194±2 392±9 7.91±0.02 

4.  2PG*0.5IC 153±7 338±5 7.12±0.06 

5.  2PG*1.0IC 173±9 345±7 7.52±0.06 

6.  2PG*1.5IC 185±10 337±10 7.34±0.07 

7.  2PG*2.0IC 155±9 338±10 7.20±0.01 

8.  2PG*1.5IPC 144±8 309±6 7.19±0.03 

9.  2PG*1.5IAC 188±14 338±3 7.20±0.01 

10.  2PG*1.5IPAC 382±10 350±6 7.22±0.03 

11.  2PG*1.5IMC 355±14 354±10 7.44±0.04 

       #: Details of various designations is given in nomenclature 

 

 

 

Figure 7.1. Impact strength of reference composite and various GFRPs reinforced with 2 phr of silanized PG 

nanoclay and different concentrations of Inviya fibers (pristine as well as compatibilized). 

 

Reinforcement of pristine Inviya fibers (in any concentration; 0.50−2.00 phr) to 2PG*C composite 

deteriorated the mechanical properties of resulting GFRP nanocomposites (2PG*0.50IC, 

2PG*1.00IC, 2PG*1.50IC, and 2PG*2.00IC). This drop in properties was owing to lack of 

compatibility of pristine Inviya fibers with other constituents of epoxy based GFRP system. 
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Literature reports that for multi-scale filler reinforced composite systems, surface modification of 

reinforcements/fillers is needed for (i) their uniform distribution in the matrix material, and also 

(ii) improving their interfacial adhesion with other constituents of the composite system [1,34,35].   

 

 

 

Figure 7.2. Tensile properties of reference composite and various GFRPs reinforced with 2 phr of silanized PG 

nanoclay and different concentrations of Inviya fibers (pristine as well as compatibilized) showing (a) tensile 

strength, and (b) tensile modulus values for composites. 

a 

b 
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To resolve this issue, Inviya fibers were subjected to surface treatment (compatibilization) using 

four different techniques viz. (i) phosphoric acid treatment (T5); same as was used for para-aramid 

fibers,  (ii) silanization with 3-aminopropyltriethoxy silane (T2); same as was used for UHMWPE 

fibers, (iii) phosphoric acid treatment followed by silanization (T6); same as was used for para-

aramid fibers,  and (iv) UV-assisted MAH grafting (T4); same as was used for UHMWPE fibers. 

Among the pristine Inviya fiber reinforced epoxy-nanoclay based GFRPs, the best results 

(mechanical properties) were obtained with 1.50 phr Inviya fiber concentration. For this reason, 

1.50 phr fiber loading was selected for processing of epoxy-nanoclay based GFRPs reinforced with 

compatibilized Inviya fibers (1.50 phr) and silanized nanoclay (2 phr). Reinforcement of these 

compatibilized Inviya fibers treated with T2, T6, and T4 treatments resulted in increase in impact 

strength and tensile strength of resulting GFRPs by 23% & 0%, 150% & 4%, and 132% & 5% 

respectively over the reference composite (RC). Reinforcement of T5 treated Inviya fibers to 

2PG*C composite didn’t show any significant change in impact strength and tensile properties. It 

was noted that 2PG*1.50IPAC composite (GFRP having 2 phr of silanized nanoclay and 1.50 phr 

of T6 surface treated Inviya fibers) showed the best combination of properties. Compared to its 

counterpart containing pristine Inviya fibers (2PG*1.50IC), the 2PG*1.50IPAC composite showed 

improvement of 106% in impact strength.  

For validation of results, current results compared with the available literature. Singh et al. 

[32,34,35] in different studies investigated the influence of addition of PET, PP, and EPDM 

fibers/particles on the impact strength behaviour of epoxy based nanoclay reinforced GFRPs. It 

was concluded that addition of unmodified (pristine) PET, PP, EPDM fillers degraded all the 

mechanical properties of resulting GFRPs, similar to as is observed in the present work. However, 

addition of surface treated PET, PP, and EPDM fillers showed 19%, 44%, 68% improvement in 

impact strength along with some loss in tensile properties as compared to the reference GFRP 

[32,34,35]. However, in the present work, very significant improvements in impact strength (150% 

with T6 and 132% with T4 treatment) were observed along with minor improvements in tensile 

strength for GFRPs reinforced with surface treated Inviya fibers.  

For Inviya fiber reinforced GFRPs, the best impact strength was obtained with addition of T6 

treated Inviya fibers (150% improvement over RC). The reasons for improvement in properties 

are discussed as follows. Nanoclay and Inviya fibers, in their pristine state are hydrophilic in 

nature. On being added in the pristine state to the GFRP system, these constituents are not 
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compatible with the hydrophobic epoxy. Different surface modification techniques are reported to 

make these constituents hydrophobic for better compatibility with epoxy resin [1,16,32,194,231]. 

In the present research, silanization technique was used for clay platelets and four separate surface 

modification techniques were used for Inviya fibers. Surface treatment of fibers prevents fiber-

fiber interaction and impedes fiber aggregation, resulting in uniform dispersion of Inviya fibers in 

the GFRPs. Surface treatment also changes the smooth surface of fibers into an uneven and 

irregular surface. Thus, mechanical interlocking on these rough surfaces improves the interfacial 

adhesion among constituents of GFRPs. In T6 treatment, phosphoric acid treatment was followed 

by silanization. After phosphoric acid treatment, the surface of Inviya fibers became rough which 

resulted in more surface area for silanization. The silane agent easily grafted over the rough surface 

of Inviya fibers. Silane agent comprises of two different functional groups, one of which is coupled 

to an organic and the other to an inorganic constituent. R3Si–X is the basic chemical formula for 

silane agent. The silane agent develops a covalent bond bridge among constituents of GFRPs. The 

epoxy matrix interacts with the X group. In aqueous medium, the Si–OR bonds hydrolyzes swiftly 

to form silanol Si–OH groups which interact with the hydroxyl group available in fiber surface. 

The X group of silane agent utilized in this research was 3-aminopropyl, while the R group was 

ethoxy. Reverse condensation occurs during the drying process performed after silanization; 

further, the reaction between silanol and –OH groups form poly-siloxane on the surface. When the 

X group present on fiber surface interacts with epoxy, a stable covalent bond is developed. On 

accomplishment of all the reactions, the strong primary bonds serve as a link between the 

thermoplastic fibers and the epoxy matrix [35]. 

Significant improvement in impact strength of GFRPs (132% improvement over RC) was also 

achieved by addition of T4 (MAH grafting) treated Inviya fibers. With regards to MAH grafting, 

it is reported that when MAH is exposed to UV rays, it develops eximers, as illustrated by Equation 

1. 

2𝑀𝐴𝐻𝑈𝑉 → 𝑀𝐴𝐻+ 𝑀𝐴𝐻−                                                  ---------- (1) 

These MAH eximers are abstracted by hydrogen atoms from Inviya fibers which promotes cross- 

linking reaction. This leads to grafting of MAH on Inviya fibers successfully [34]. The successful 

MAH grafting strengthens the interfacial bonding among dissimilar constituents of GFRPs. 

Consequently, the stress applied on GFRPs is uniformly and effectively transferred to the 
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reinforcement(s) through the strong interface developed. Thus, higher impact strength was 

witnessed for GFRPs reinforced with MAH grafted Inviya fibers (2PG*1.5IMC).   

 

7.3 SEM and EDS analysis for confirming surface treatment of Inviya fibers 

FE-SEM micrographs and EDS spectra of pristine and compatibilized Inviya fibers (after various 

surface treatments) are shown in Figure 7.3 and Figure 7.4 respectively.  

 

   

   

Figure 7.3. FE-SEM micrographs of Inviya fibers showing their surface (a) in the pristine state, (b) after T5 

treatment, (c) after T2 treatment, (d) after T6 treatment, and (e) after T4 treatment. 

 

a 
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Figure 7.4. EDS spectrographs of Inviya fibers showing the presence of various constituents (a) in the pristine 

state, (b) after T5 treatment, (c) after T2 treatment, and (d) after T6 treatment. 

 

The surface of pristine Inviya fibers was very smooth and glossy (Figure 7.3a). Carbon (C) and 

Oxygen (O) were the main elements detected in pristine Inviya fibers through EDS (Figure 7.4a). 

Phosphoric acid treatment (T5) significantly altered the surface of Inviya fibers. The surface of 

fibers became more rough/uneven after treatment (Figure 7.3b). Phosphoric acid treatment added 

one more element, (phosphorus, P), along with C and O (Figure 7.4b). The ‘O’ content also 

increased from 17.94% to 41.52%. With regards to silane treatment (T2), silane coating was clearly 

witnessed on the surface of Inviya fibers after the treatment (Figure 7.3c). The presence of silicon 

(Si) along with C and O in EDS spectra confirmed the silanization of Inviya fibers (Figure 7.4c). 

For T6 treatment (combination of phosphoric acid treatment and silanization), the surface of 

treated Inviya fibers became very bumpy and rough (Figure 7.3d) as compared to Figures 7.3a–c. 

Phosphoric acid treatment made the surface of Inviya fibers very rough and irregular. This resulted 

in very effective and uniform silane coating on the fibers (Figure 7.3d) as compared to the case of 

only silane treatment i.e. T2 treatment (Figure 7.3c). The various elements observed in EDS 

spectra included C, O, P, and Si (Figure 7.4d). The presence of these elements confirmed the 

success of the combined treatment (T6 treatment). Figure 7.3e shows the FE-SEM micrograph of 

Inviya fibers after MAH grafting (T4 treatment). Inviya fiber surface became uneven after this 

treatment and uniform maleic anhydride coating was observed (Figure 7.3e). EDS analysis could 

not validate the presence of MAH on T4 treated fibers. To confirm the presence of MAH coating, 

FTIR analysis was done which is discussed in the next section.  

d 
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Elemental Au was observed in EDS spectra due to the gold sputtering of samples to make them 

conductive as required for SEM samples. Further, elemental Al was observed owing to the use of 

aluminium stabs for EDS analysis. 

 

7.4 FTIR analysis to confirm surface treatment of Inviya fibers 

To validate the results of FE-SEM and EDS analysis pertaining to surface treatment of Inviya 

fibers, FTIR analysis was done. FTIR diffractograms are given in Figure 7.5. The peak around 

3320 cm-1 corresponded to the stretching of amine group (–NH) in urethane [232,233]. The peak 

around 1638 cm-1 corresponded to presence of carbonyl group which indicated presence of 

urethane moieties [233]. The peaks around 2938 cm-1, 2854 cm-1, and 2797 cm-1 were observed 

owing to symmetric/asymmetric stretching of C–H bands [232–234]. The peak around 1730 cm-1 

corresponded to C=O stretching [233–235]. The peak around 1530 cm-1 was observed due to C–N 

stretching or NH bending [232,236]. The weak peak around 1100 cm-1 was due to ether (C–O–C) 

stretching [232,236]. These aforementioned peaks were observed both in pristine as well as all 

cases of treated fibers. These peaks signified that the fibers under investigation were Inviya fibers 

(spandex fibers).  

For T5 treated Inviya fibers, the peak at 3320 cm-1 broadened and its intensity increased after 

phosphoric acid treatment (as compared to that in case of pristine Inviya fibers) because of the 

increased O–H group [237]. The increased intensity around 1638 cm-1 was due to amide I group 

[234,237]. The relatively  increased intensity of peak at 990 cm-1 corresponded to aliphatic 

phosphates (P–O–C stretching) [235]. These observations confirmed the surface treatment of 

Inviya fibers with phosphoric acid (T5 treatment).  

For T2 treated Inviya fibers, the peak around 3320 cm-1 belonged to the amine group or O–H group 

broadening, and its intensity increased after silanization with 3-aminopropyltriethoxy silane agent 

[25]. This confirmed the silanization of Inviya fibers (T2 treatment).  

For T6 treated Inviya fibers, the peak around 3320 cm-1 belonged to the amine group or O–H group 

broadening; its intensity also increased [25]. The high intensity peak at 990 cm-1 corresponded to 

aliphatic phosphates (P–O–C stretching) and confirmed the combined treatment of phosphoric acid 

and silanization (T6 treatment) [235].  

For T4 treated Inviya fibers, the peak at 3320 cm-1 broadened after MAH grafting belonged to the 

amine group or O–H group. The C=O stretching of anhydride available in MAH boosted the 
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strength of the peak at 1730 cm-1 [237]. The intensities of peaks at 1638 cm-1 and l530 cm-1 also 

changed, may be due to formation of carboxy group as a result of reaction between the anhydro 

group and moisture and due to the existence of COOH group respectively [34]. Thus, FTIR study 

validated the results obtained through SEM and EDS. 

 

 

 

Figure 7.5. FTIR spectra of (a) all the cases of Inviya fibers, (b) pristine versus T6 treated Inviya fibers. 

a 

b 



114 
 

7.5 SEM analysis of fracture surface of impact test specimens of GFRPs containing silanized 

nanoclay and Inviya fibers   

Figure 7.6 shows the micrographs of fracture surface of impact test samples of the reference GFRP 

sample (RC) and GFRPs containing pristine and silanized nanoclay respectively (2PGC and 

2PG*C respectively).  

 

   

Figure 7.6. SEM micrographs of fracture surface of impact test specimens of (a) RC, (b) 2PGC, and (c) 2PG*C 

composites. 

 

For the reference sample (RC), the glass fiber surface appeared very smooth. Further, very few 

traces of epoxy were witnessed on the surface of glass fibers owing to weak interfacial bonding 

between glass fibers and epoxy resin (Figure 7.6a). For the 2PGC nanocomposite (Figure 7.6b), 

the surface of glass fibers appeared relatively rough as compared to RC; more traces of epoxy-clay 

platelets mixture was observed on the glass fiber surface. The pristine clay platelets, on addition 

to RC, attached to the surface of glass fibers (both being inorganic in nature), making the glass 

fiber surface rougher, and thus, improving the interfacial bonding between glass fibers and epoxy 

due to mechanical interlocking effect. For the 2PG*C nanocomposite (reinforced with silanized 

a 
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clay reinforced), the surface of glass fibers appeared roughest (Figure 7.6c). Silanized platelets 

showed better dispersion in the nanocomposite GFRP system (due to increased d-spacing). This 

led to more bonding sites between glass fibers and silanized platelets-epoxy mixture. Hence, higher 

impact strength was observed for 2PG*C nanocomposite as compared to RC and 2PGC 

compositions. 

Figure 7.7 presents the SEM micrographs of GFRPs reinforced with silanized clay platelets and 

Inviya fibers (pristine/compatibilized) showing fracture surfaces after impact testing. Inviya fibers 

and glass fibers are shown with the help of orange and blue colored arrows respectively in Figure 

7.7. Inviya/glass fibers which fractured under impact loading are highlighted with circles in red 

color. As discussed earlier in Section 7.2, addition of pristine thermoplastic fibers deteriorated the 

impact strength of resulting GFRPs owing to a lack of compatibility among various constituents 

of GFRPs. Figure 7.7a–b witnessed only a few bonding sites between ‘epoxy-silanized clay-Inviya 

fibers’ mixture and glass fibers. It was observed that Inviya fibers did not adhere to the glass fibers. 

Consequently, lower impact strength was observed for 2PG*1.5IC composition. Higher impact 

strength of GFRPs was achieved with reinforcement of T6 and T4 treated Inviya fibers. Addition 

of T6 (combination of phosphoric acid and silanization treatment) and T4 (UV-assisted MAH 

treated) treated Inviya fibers improved the impact strength by 150% and 132% respectively over 

RC sample. It was clear from Figure 7.7d–e that T6 and T4 treated Inviya fibers showed better 

compatibility with other constituents of GFRPs. More bonding sites were observed between 

‘epoxy-silanized clay-compatibilized Inviya fibers’ mixture and glass fibers. Figures 7.7d−e 

showed that ‘epoxy-silanized clay-compatibilized Inviya fibers’ mixture was more uniformly 

present on the surface of glass fibers. Also, surface treatment of Inviya fibers impeded the Inviya 

fiber-Inviya fiber interaction resulted in more uniform dispersion of Inviya fibers. The uniform 

distribution of compatibilized nanoclay platelets-Inviya fibers restricted crack propagation under 

loading by acting as crack impeders/deflectors before failure of the material. 

Consequently, newly developed GFRPs absorbed more energy before fracture. Thus, higher 

mechanical properties (especially impact strength) were witnessed. 

Epoxy based GFRP reinforced with 2 phr of silanized nanoclay and 1.5 phr of Inviya fibers treated 

with phosphoric acid solution followed by silanization (T6 treatment) exhibited 150% and 3.5% 

improvement in impact strength and tensile strength respectively over the reference sample.  
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Figure 7.7. FE-SEM micrographs of fracture surface of impact test specimens of GFRPs reinforced with 2 phr 

of silanized nanoclay and 1.5 phr of Inviya fibers for (a) 2PG*1.5IC, (b) 2PG*1.5IPC, (c) 2PG*1.5IAC, (d) 

2PG*1.5IPAC, and (e) 2PG*1.0IMC nanocomposites. 

 

The next chapter presents the main conclusions drawn from the present research and the possible 

scope for future work. 

 

 

a 
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Chapter 8. Conclusions and future recommendations  

8.1 Overview 

In the present work, multi-scale filler reinforced epoxy based GFRP nanocomposites were 

successfully proceesed using vacuum assisted hand lay-up procedure.  Silanized nanoclay and 

compatibilized thermoplastic fibers (including UHMWPE, para-aramid, and Inviya fibers) were 

added as nano-filler and micro-filler, respectively to glass fiber reinforced epoxy nanocomposites. 

The resulting GFRP nanocomposites exhibited significant improvements in impact strength 

without any drop in tensile properties.  

The main findings of the present research are discussed in the following sections. 

 

8.2 Processing of multi-scale filler reinforced glass fiber epoxy nanocomposites  

Processing these multi-scale filler reinforced epoxy GFRPs was challenging due to the high 

viscosity of the system. Despite the challenges, multi-scale filler reinforced GFRP nanocomposites 

with significantly high and reproducibile mechanical performance (especially impact strength) 

were successfully processed. The main conclusions with regards to the processing adopted in the 

present research are as follows:    

•    Nano-filler (nanoclay) and micro-filler (thermoplastic fibers) were effectively dispersed in the 

epoxy resin with the help of homogenizer and a probe sonicator. For dispersion of nanoclay in 

the epoxy matrix, homogenization (speed: 20,000 rpm; time: 10 min) was followed by probe 

sonication (amplitude: 80%; pulse-on time: 40s; pulse-off time: 20s; total sonication time: 10 

min). Further, for dispersion of thermoplastic fibers, homogenization (speed: 10,000 rpm; time: 

5 min) was followed by high speed homogenization (speed: 15,000 rpm; time: 5 min), and was 

finally subjected to sonication (amplitude: 80%; pulse-on time: 40s; pulse-off time: 20s; total 

sonication time: 10 min). Again, the suspension (epoxy/nanoclay/thermoplastic fibers) was 

homogenized (speed: 10,000 rpm; time: 5 min). Finally, the curing agent (hardener) was mixed 

in the suspension of epoxy/nanoclay/thermoplastic fibers by using a mechanical stirrer (speed: 

500 rpm; total stirring time: 10 min).  

•   XRD diffractograms obtained for the processed GFRPs containing pristine/silanized nanoclay 

didn’t show the ‘d001’ peak. This indicated that exfoliated morphology (partially/fully) for the 

nanoclay was achieved in GFRPs. The results of XRD were confirmed by TEM micrographs, 

which showed partially exfoliated nanoclay morphology in the processed GFRPs. The results 
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of XRD and TEM analysis signified that the processing procedure resulted in dispersion of the 

clay platelets effectively at a nano-level in processed GFRPs. 

•   For the processed multi-scale filler reinforced epoxy nanocomposites, the key to improved 

performance was dependent on the success in achieving good interfacial interactions among 

constituents of GFRP system. To achieve effective interfacial bonding among constituents, 

silanization technique was used for nanoclay and four different techniques for thermoplastic 

fibers including (a) chemical treatment using phosphoric acid/potassium permanganate (b) 

silanization, (c) combination of chemical treatment & silanization, and (d) UV-assisted maleic 

anhydride were evaluated in the present research. 

•    For MAH grafting of thermoplastic fibers, the optimum time required for exposure to UV 

radiations had to be determined for each type of fiber. The optimum exposure time for 

UHMWPE fibers, para-aramid fibers, and Inviya fibers was determined as 4.5 h, 2.0 h, and 4.5 

h respectively. These optimum exposure time durations resulted in weight gain of 39.50%, 

61.83%, and 34.1% for UHMWPE fibers, para-aramid fibers, and Inviya fibers respectively. 

 

8.3    Mechanical properties of multi-scale filler reinforced glass fiber epoxy nanocomposites 

Multi-scale filler reinforced epoxy based GFRPs with significantly improved impact strength were 

developed in the present research. The major outcomes with regards to mechanical properties 

obtained and the associated characterization measures to corroborate the improvements achieved 

in properties for processed GFRPs are as follows: 

• Three different pristine nanoclays were reinforced separately to epoxy based GFRP composite 

(reference composition) to select the best nanoclay for further processing of epoxy based GFRP 

nanocomposites. Improvement in mechanical properties was achieved with all the three types 

of nanoclays. Addition of Nanomer PGV nanoclay provided the maximum improvement in 

mechanical properties of the resulting GFRP nanocomposite. Impact strength, tensile strength, 

and tensile modulus improved by 23.5%, 4%, and 14% respectively over the reference sample. 

For this reason, Nanomer PGV nanoclay was used for further investigations. 

• Silane treatment of Nanomer PGV nanoclay and its subsequent reinforcement in epoxy based 

GFRP composite (reference composition) was effective in further improving the mechanical 

properties of resulting GFRP (i.e. properties of this resulting GFRP were superior over its 

counterpart containing pristine nanoclay). The optimum weight concentration of silane agent 
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for silanization of nanoclay was three times the given weight concentration of nanoclay (i.e. 

3X). Reinforcement of 2phr of 3X silane treated nanoclay (without acetone washing) to the 

reference composite exhibited 27%, 16%, and 6% improvement in impact strength, tensile 

strength and tensile modulus respectively for the resulting GFRP nanocomposite.  

• Reinforcement of thermoplastic fibers in the pristine state to epoxy-silanized nanoclay GFRP 

system degraded all the mechanical properties of resulting GFRPs. Pristine thermoplastic 

fibers did not show effective interfacial interaction with epoxy resin due to lack of polar 

functional groups and also due to chemically inert nature/mechanically smooth surface of 

pristine fibers. SEM micrographs confirmed poor interfacial bonding of pristine thermoplastic 

fibers with other constituents of GFRPs. To overcome this issue, different compatibilization 

techniques were used for surface treatment of thermoplastic fibers. 

• Compatibilization procedures used for surface modification of thermoplastic fibers were 

confirmed through SEM-EDS and FTIR analysis. SEM-EDS analysis confirmed the chemical 

and morphological changes on the surface of treated thermoplastic fibers. FTIR analysis further 

validated the results of SEM-EDS. Compatibilization of thermoplastic fibers improved the 

interfacial bonding among various constituents of GFRP nanocomposite system. As a result, 

for a given composition, the impact strength and tensile properties of epoxy based GFRPs 

reinforced with compatibilized thermoplastic fibers were significantly higher than their 

counterparts reinforced with pristine thermoplastic fibers.   

• Ultra high molecular weight polyethylene (UHMWPE) fiber concentration in GFRPs was 

varied in the range of 0.125–0.500 phr. For pristine UHMWPE reinforced GFRPs, the sample 

containing 2 phr of silanized nanoclay and 0.250 phr of pristine UHMWPE fibers showed the 

best results. So, 0.250 phr of UHMWPE fiber loading was selected to process GFRPs 

containing compatibilized UHMWPE fibers and silanized nanoclay. Epoxy based GFRP 

reinforced with 2 phr of silanized nanoclay and 0.250 phr of UHMWPE fibers treated with 

potassium permanganate solution followed by silanization (T3 treatment) exhibited 30% and 

17% improvement in impact strength and tensile strength respectively over the reference 

sample.  

• Para-aramid fiber concentration in GFRPs was varied in the range of 0.5–2.0 phr. For pristine 

para-aramid fiber reinforced GFRPs, the sample containing 2 phr of silanized nanoclay and 1.0 

phr of para-aramid fibers showed the best results. So, 1.0 phr of para-aramid fiber loading was 
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selected to process GFRPs containing compatibilized para-aramid fibers and silanized 

nanoclay. Epoxy based GFRP reinforced with 2 phr of silanized nanoclay and 1.0 phr of para-

aramid fibers treated with UV-assisted MAH grafting (T4 treatment) exhibited 34% and 6% 

improvement in impact strength and tensile strength respectively over the reference sample.  

• Inviya fiber concentration in GFRPs was varied in the range of from 0.5–2.0 phr. For pristine 

Inviya fiber reinforced GFRPs, the sample containing 2 phr of silanized nanoclay and 1.5 phr 

of Inviya fibers showed the best results. So, 1.5 phr of Inviya fiber loading was selected to 

process GFRPs containing compatibilized Inviya fibers and silanized nanoclay. Epoxy based 

GFRP reinforced with 2 phr of silanized nanoclay and 1.5 phr of Inviya fibers treated with 

phosphoric acid solution followed by silanization (T6 treatment) exhibited 150%, and 3.5% 

improvement in impact strength and tensile strength respectively over the reference sample.  

 

8.4  Major conclusions  

The present work was envisaged on the hypothesis that reinforcement of thermoplastic fibers at a 

different scale (as micro-filler) to epoxy based GFRPs (glass fiber mat as macro-filler) containing 

clay as a nano-filler can result in significant improvements in mechanical properties, especially 

the impact strength. The reinforcement of nanoclay (pristine/compatibilized) to epoxy based GFRP 

resulted in an improvement of impact strength along with improved tensile properties. It was 

expected that reinforcement of thermoplastic fibers would improve the impact strength of epoxy 

based GFRPs owing to good ductility of thermoplastic fibers, despite their low strength and 

modulus. Contrary to this consideration, the impact strength of GFRPs initially decreased on 

reinforcement of these more elastic/ductile micro-fillers (pristine thermoplastic fibers). Further 

analysis showed that this decrease in impact strength was attributed to less compatibility of 

thermoplastic fibers with other constituents of the epoxy based GFRP nanocomposite system. To 

overcome this issue, thermoplastic fibers were subjected to various surface treatment procedures 

to improve their interfacial bonding with other constituents of GFRPs. It was noted that each 

specific type of thermoplastic fiber provided the best results (in terms of improvements obtained 

in mechanical properties of resulting GFRP containing the compatibilized fibers) with a specific 

type of surface treatment. From this, it can be concluded that the choice of surface treatment for a 

particular fiber depends upon its chemical composition, the functional groups added on its surface 

through a specific treatment, and the interaction of treated fiber surface with other constituents of 
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the composite system. Maximum improvements achieved in impact strength of multi-scale filler 

reinforced epoxy based GFRPs is summarized in Table 8.1. It can be concluded that more is the 

elastic/ductile nature of the reinforced thermoplastic fiber (Inviya fibers, para-aramid fibers, 

UHMWPE fibers; decreasing in this order in the present work), greater was the improvement 

attained in impact strength of epoxy based GFRPs. In this context, epoxy based GFRPs containing 

2 phr of silanized nanoclay and 1.5 phr of surface treated Inviya fibers (treatment with phosphoric 

acid solution followed by silanization) exhibited maximum improvement of 150% in impact 

strength as compared to the reference composite.  

Table 8.1. Summary of impact strength and tensile strength of GFRPs reinforced with 2 phr of silanized nanoclay 

and best concentrations of compatibilized polymeric fibers (percentage shown in the parenthesis represents 

improvement achieved for a given composition over the reference composition). 

S. No. Sample 

Designation3# 

Impact Strength 

(kJ/m2) 

Tensile Strength 

(MPa) 

1.  RC 153±9 338±7 

2.  2PGC 189±17 (23.5%) 351±4 (4%) 

3.  2PG*C 194±2 (27%) 392±9 (16%) 

4.  2PG*0.25UPAC 199±10 (30%) 396±7 (17%) 

5.  2PG*1.0PMC 205±6 (34%) 357±5 (6%) 

6.  2PG*1.5IPAC 382±10 (150%) 350±6 (4%) 

#: Details of various designations is given in nomenclature 

 

It was a challenging task to reproducibly fabricate multi-scale filler reinforced epoxy GFRPs due 

to the resulting high viscosity of the system. Despite the challenges, GFRPs with significantly high 

impact strength and moderately improved tensile properties were successfully processed in the 

present research. The processing procedure established in the current research work, including (i) 

reinforcing compatibilized thermoplastic fibers, and (ii) processing highly viscous systems, will 

open up novel routes for further research to boost the mechanical properties of epoxy based GFRP 

nanocomposites. 

 

8.5   Future scope 

• Thermoplastic fibers including UHMWPE fibers, para-aramid fibers, and Inviya fibers were 

used in the present work. A wide spectrum of thermoplastic/elastomeric fillers are available 

having different values of ductility, impact strength, and tensile strength. These fillers with 

different mechanical properties can be appropriately reinforced after compatibilization into the 

epoxy based GFRPs to achieve further improvements in impact strength. 
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• The current research work used silanized nano-filler and compatibilized micro-fillers to 

improve their interfacial interaction with other constituents of the GFRP system. Further 

enhancement in mechanical properties of epoxy based GFRPs can be achieved by subjecting 

the glass fibers also to a suitable surface treatment.  

• This study examined three different types of nanoclays in the role of a nano-filler for epoxy 

based GFRP systems. The nanoclays used included Cloisite®15A (CA), Nanomer® I.28E (IE), 

and Nanomer® PGV (PG). Out of these three nanoclays, the best results for epoxy-nanoclay 

system were shown by Nanomer® PGV (PG) nanoclay. So, this nanoclay was used for 

processing of epoxy based GFRP systems. A range of other nano-fillers are available which 

vary greatly in properties and characteristics. These include carbon nanotubes, graphene, 

graphene oxide, nano-silica, titanium oxide etc. The scope of the present research states that 

the effect of reinforcing these nano-fillers (other than nanoclays) on the properties of epoxy-

GFRP nanocomposites can be explored in future research. 

• In the current research work, the mechanical properties evaluated are tensile properties and 

impact strength as the focus was on increasing the impact strength of these thermoset 

nanocomposite systems without compromising on the tensile properties. Other properties such 

as fracture toughness, compressive strength, flexural properties etc. can be explored in future 

research. 

• Apart from the surface treatment methods used in the present research for compatibilization of 

thermoplastic fibers, several other procedures including corona discharge treatment, plasma 

modification, direct fluorination, and 𝛾-ray irradiation etc. are available and can be utilized in 

future research. 
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Appendix-I 

 

 

 

Figure A1. Stress versus extension curves under tensile loading of epoxy based GFRPs reinforced with 2 phr of 

(a) different pristine nanoclays, and (b) surface treated PG nanoclay under different silanization conditions. 
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Figure A2. Stress versus extension curves under tensile loading of epoxy based GFRPs reinforced with 2 phr of 

silanized PG nanoclay and different concentrations of UHMWPE fibers (pristine as well as compatibilized). 

 

 

 

Figure A3. Stress versus extension curves under tensile loading of epoxy based GFRPs reinforced with 2 phr of 

silanized PG nanoclay and different concentrations of para-aramid fibers (pristine as well as compatibilized). 
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Figure A4. Stress versus extension curves under tensile loading of epoxy based GFRPs reinforced with 2 phr of 

silanized PG nanoclay and different concentrations of Inviya fibers (pristine as well as compatibilized). 

 

 

 

Figure A5. Chemical structure of 3-aminopropyltriethoxy silane agent. 
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Figure A6. Chemical structure of ultra high molecular weight polyethylene (UHMWPE) fibers. 

 

 

 

 

 

 

Figure A7. Chemical structure of para-aramid fibers. 

 

 

 

 

 

 

Figure A8. Chemical structure of Inviya (Spandex) fibers. 
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