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Abstract 

Integration of composites into the fabrication process of structural assemblies within the 

aerospace, automotive, marine or civil engineering industries represents a rational solu-

tion adopted by leading companies which are guided by the necessity for novel low-

weight, high-strength, and high-stiffness materials. During the manufacturing process 

and throughout the service life, fiber-reinforced polymer structures are subjected to im-

pact loading, either accidentally or as an inherent requirement of the operational cycle. 

Firstly, general aspects regarding impact loading and some parameters used for its char-

acterization are briefly described. Recent progress regarding the influence of the stacking 

sequence, fiber type, and impactor geometry on the impact performance of Kevlar and 

glass fiber reinforced composite materials is emphasized. Additionally, the effects of en-

vironmental factors (such as temperature, UV radiation, or humidity) on the impact en-

ergy absorbed by polymers reinforced with each of the two types of synthetic fibers are 

presented. Finally, the importance of directing the researcher’s judgment towards im-

proving the characteristics of materials subjected to impact, from a sustainable perspec-

tive, is motivated through the presentation of the impact behavior of polymer composites 

reinforced with Kevlar fibers or glass fibers hybridized with vegetable fibers. 

Keywords: Kevlar; glass fiber; vegetable fibers; nose-shape geometry; temperature;  

UV radiation; impact; manufacturing parameters; moisture 

 

1. Introduction 

To design innovative materials aimed at achieving the required performance of en-

gineering structures, there have been numerous approaches over time. In this regard, the 

concept of composite materials was introduced to encompass different types of materials 

used to create and optimize industrial technologies. A composite material is a structural 

system that consists of multiple macroscopically identifiable constituents that operate to-
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gether to achieve improved mechanical performance [1]. The rationale for adopting novel 

materials and customized production methods can be expressed in terms of high strength, 

improved stiffness, and the shortage of tailored materials for different types of applica-

tions. 

Like every complex engineering achievement, composite materials have advantages 

and disadvantages. Manufacturing of complex shapes, the combination of different con-

stituent materials, and the simplification of the production processes are among the nu-

merous advantages. Also, strength, stiffness, thermal behavior, and electrical properties 

can be designed. The limitations include: high material costs; recycling processes that are 

not well developed; sensitivity of their properties to temperature changes, moisture ab-

sorption, fire, lightning strikes, and UV radiation [1]. 

Composite materials are extensively used in the fabrication processes of aircraft and 

spacecraft structural assemblies, automotive, marine, and civil engineering industries 

[2,3]. During the service life or the manufacturing stage, a fiber-reinforced structure is 

subjected to accidental impact damage. Thus, potential sources of impact are stones, dust, 

or small pieces of debris lofted by aircraft tires during take-off or landing operations on 

unpaved runways [4]. A relevant technical publication [5] refers to the effects of these 

types of objects as Foreign Object Damage (FOD). The primary concern regarding the ca-

pacity of the composite material structure to withstand impact loads is the detection of 

the damage resulting from such dynamic loading. The severity of the defect is not always 

identifiable by visual inspection of the impacted surface. Although metals show visible 

deformations, some laminates bounce back close to their initial geometry even if there is 

damage, such as cracks and delamination, which are located between the inner laminas 

of the material [1]. Depending on the type of inspection required and the tools used for 

non-destructive examination, impact loading generates four types of damage: special de-

fects, barely visible impact damage (BVID), minor visible impact damage (MVID), and 

Large Visible Impact Damage (LVID) [6]. 

Although fiber-reinforced composite materials exhibit outstanding performance un-

der tensile, compressive, or bending loading conditions, their capability to withstand im-

pact loads is lower compared to metals because of their brittleness [7]. Composite lami-

nates reinforced with glass, carbon, or aramid fibers are representative in terms of strength 

and stiffness performance coupled with low weight, making them suitable for impact ap-

plications. There are various factors that influence the impact behavior of composite lam-

inates, including projectile shape and mass, angular orientation of the lamina fibers, ma-

trix toughness, and stacking sequence [8]. Also, environmental factors control the out-of-

plane impact strength because long-term exposure to hygrothermal conditions affects the 

matrix physicochemical state in composite laminates [9]. 

Three common types of reinforcements used to investigate the low-velocity impact 

response, including damage mechanisms and damage evolution in composite laminates, 

are glass fibers, carbon fibers, and aramid fibers. The latter are aromatic polyamides and 

are known in the industry by their commercial names, Kevlar and Twaron [1]. Glass fibers 

represent the reinforcing element of primary importance for polymer composites, a char-

acteristic attributed to them due to their remarkable mechanical performance, advanced 

electrical insulation properties, and high resistance to humidity absorption [10]. There are 

multiple types of glass fibers, each designated by a different letter, including E-glass, AR-

glass, C-glass, D-glass, E-CR-glass, and others [9]. Each of these glass fiber types is briefly 

described in a relevant section of this article. There are three parameters of interest regard-

ing the influence of glass fibers on the behavior of composite laminates under various 

loading conditions, whose well-controlled variation allows for customization of their me-

chanical properties. Specifically, these parameters are the fiber content, fiber type, and 

orientation of fiber [10]. 
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The effects of using woven fabrics instead of mats or unidirectional fiber cross-plies 

when investigating the behavior of composite laminates subjected to various mechanical 

loads, including low-velocity impact, were intensively studied [10,11]. The fundamental 

difference between a woven fabric and a mat resides in the production method. A mat is 

fabricated from either short or long fibers which are technologically bonded together in 

an irregular pattern. In contrast, when a woven fabric is manufactured, the fibers are in-

terlaced to create different patterns, such as plain weaves, twill weaves, basket weaves or 

satin weaves. Woven fabric laminas aim to limit the propagation of the impact damage by 

reducing the failure caused by interply delamination [12]. Also, unlike composite materi-

als containing layers reinforced with unidirectional fibers, woven fabrics with warp and 

weft yarns provide enhanced strength and stiffness in these two mutually perpendicular 

directions [13]. 

The necessity for developing high-strength materials, guided by the variety of load-

ing conditions that an engineering structure must withstand during its service life, di-

rected the researcher’s judgment towards creating hybrid composite materials. These lam-

inated composites consist either of multiple types of woven fabrics made from synthetic 

fibers inserted into a polymeric matrix or of a single type of fiber representing the rein-

forcing element for resins incorporating nanofillers, such as graphene nanofibers, carbon 

nanofibers, or nanotubes. The mechanical behavior of hybrid composite materials is a re-

sult of the synergistic interaction of the properties of each distinct component. Thus, the 

customization of materials within the framework of manufacturing advanced composites 

adapted to the requirements of industrial applications is accomplished through the con-

trolled variation in each constituent. Moreover, the regulation of the design parameters of 

hybrid materials, such as fiber types, the chemical characteristics of the matrix (which can 

be thermoplastic or thermoset), stacking sequence, and fabrication techniques, enables the 

manufacture of materials characterized by unique properties. 

In the impact evaluation of the composite laminates, performed by analytical meth-

ods or experimental testing, aramid fibers have distinctive elastic and mechanical proper-

ties, which support their utility in engineering applications where the structure must 

withstand loads, sometimes under a dynamic loading regime. Aramid fibers have good 

specific properties, as a result of their low specific gravity. A remarkable characteristic of 

aramid fibers is their excellent tenacity, making these fibers serve as the primary reinforc-

ing element in the manufacturing process of bulletproof vests [1]. Other properties that 

emphasize their widespread use are their high modulus, low elongation, reduced thermal 

conductivity, and corrosion resistance [14]. 

However, composite laminates reinforced with aramid fiber possess certain con-

straints generated by their interaction with the service environment. The critical limitation 

of this type of material is its difficult adaptability to environmental conditions with a de-

grading effect upon the constituents, i.e., the fibers and the matrix. Most polymer matrices 

exhibit lower compatibility and adhesion at the interfacial boundary with the Kevlar fi-

bers. This result is reflected in reduced interlaminar shear strength and susceptibility to 

delamination initiation [15]. The effect generated by the long-term exposure of the mate-

rial to UV radiation or extreme temperatures represents a limitation that affects the broad-

ening of the application fields of Kevlar fiber-reinforced composite laminates. Compared 

to their tensile strength, the capability of aramid fiber-reinforced composites to withstand 

compressive loads is estimated to be 15–20% lower, which imposes restrictions on the load 

types that the material can sustain without damage [16]. 

This study is devoted to presenting the performance of composite materials rein-

forced with synthetic fibers, such as glass fibers, Kevlar fibers, and their hybrid configu-

rations, when subjected to impact loading. Essentially, the article describes the effects of 

the complex correlations between impactor geometry, ambient conditions, and the design 
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pattern of composite laminates on the materials’ response to withstanding the stresses 

generated under simple or multiple impact loading conditions. In Section 1, a framework 

is presented regarding the advantages of composite materials and the necessity for cus-

tomized materials when dealing with impact-loaded structures. Section 2 outlines general 

theoretical aspects regarding impact loading. Sections 3 and 4 detail the effects of the man-

ufacturing parameters (stacking sequence of the layers, fiber type, laminate thickness), 

environmental factors (temperature or UV radiation), and testing parameters (such as pro-

jectile nose shape) on the mechanical behavior of Kevlar fiber-reinforced composites and 

glass fiber-reinforced composites when subjected to impact loading. Section 5 emphasizes 

the mechanical properties of the vegetable fibers (flax, hemp, and jute), the impact perfor-

mance of the vegetable fibers-reinforced composites under hygrothermal aging, as well as 

the effects of manufacturing parameters on their impact behavior. In Section 6, the effects 

of the hybridization of Kevlar fibers or glass fibers with vegetable fibers on the impact 

performance are presented from a sustainable perspective. Finally, Section 7 outlines a 

few conclusions based on the presented study, together with some recommendations for 

further research directions. 

2. General Aspects on Impact Loading 

The theory invoked in the scientific literature, related to the field of system dynamics, 

defines the impact as a complex physical phenomenon encountered in many mechanical 

systems performing relative motion [17]. Fundamental aspects pertaining to the frame-

work of impact between two or multiple bodies are related to the bodies’ surface geome-

try, their material properties, and the constitutive models which mathematically define 

the interaction between them [18]. 

The simulation of the impact loading, from a theoretical point of view, implies mod-

eling the contact between the impacted body and the impactor. Conceptually, contact can 

occur at a single point or at multiple locations, depending on the impactor surface geom-

etry. A notion of paramount significance is the restitution coefficient, whose values lie in 

the interval [0, 1] and indicate either the elastic or plastic nature of the impact. Thus, if the 

impact is completely elastic, which means that the entire impact energy is dissipated into 

the system, the coefficient of restitution (COR) takes the unit value [19]. The normal resti-

tution coefficient is dependent on the geometry of the impacted bodies, their materials, 

and the collision velocity. The basic impact between two spherical bodies is illustrated in 

Figure 1. Two stages, namely deformation and restoration, can be observed during the 

impact phenomenon. In the deformation period, spheres having mass 𝑚1 and mass 𝑚2, 

respectively, have distinct velocities 𝑣11 and𝑣2. When the deflection of the bodies caused 

by the deformation force 𝐹d reaches its maximum value, both spheres have the same ve-

locity𝑣0 . When the contact between the spheres ceases, in the restoration period, each 

sphere tends to regain its initial position under the force 𝐹r, with the velocities 𝑣1
′ and 

𝑣2
′. 
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Figure 1. Direct impact between two spheres: (a) Deformation phase; (b) Restoration phase. 

(Adapted from [19]). 

Tuo Li et al. [20] performed an experimental study regarding the contact-impact 

problem between two spherical particles, exploring the influence of spheres’ material and 

diameter, as well as their collision velocity on the COR. The experimental data proved that 

the effect of increasing spheres’ diameter and their collision velocity is represented by the 

reduction in the COR  because of the increased energy loss. The common definition of 

COR is expressed by Equation (1), meaning the ratio between the relative velocity of sep-

aration and the relative velocity of approach [19,20]. It must be noted that the notation of 

the COR varies from one scientific reference to another. 

COR = −
𝑣1

′ − 𝑣2
′

𝑣2 − 𝑣1

 (1) 

Another case of a mechanical system which warrants consideration regarding the 

analysis of low-velocity impact (LVI) on composite laminates is an elastic ball freely 

dropped from an initial height. I. F. Moholea [21] analyzed the COR in this case, consid-

ering that the ball rebounds after impact. The formula used for determining the COR is 

expressed by Equation (2), where 𝑢1  and 𝑣1  are velocities and ℎ1  and ℎ2  represent 

heights at different time steps, as schematically shown in Figure 2. 

 COR =
𝑢1

𝑣1
= √

ℎ2

ℎ1
 (2) 

 

Figure 2. Impact between a sphere and a plate: (a) pre-collision; (b) post-collision. (Adapted from 

[21]). 

In the scientific literature, there are multiple theoretical models for expressing the 

contact between bodies with elementary geometry, such as two spheres, two cylinders, or 

a sphere and a plate [22]. The methods for finding solutions to applications that address 

the impact problem in the general case, excluding the facile examples previously listed, 

require the formulation of certain models to accurately describe the contact between the 

surfaces of the bodies. As a general classification, the two main approaches are penalty 

models and non-smooth models. The models in the first category are also known as con-

tact-force, compliant, or regularized models. The approaches considered in the second 

category can be identified as methods based on geometrical constraints or discontinuous 

models [23]. A characteristic of penalty models is the dependence of the contact forces on 

the local properties of the contacting bodies [18]. Moreover, these forces are expressed as 

functions that have the penetration between bodies as the defining parameter, which pro-

vides computational efficiency [24]. 
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The first constitutive law, considered the simplest model, was proposed by Hooke in 

1661 [18]. A formulation that preceded a variety of subsequent solutions was defined by 

Heinrich Hertz, subsequently improved by Hunt and Crossley [24]. The Hertzian contact 

law is given by Equation (3): 

𝐹𝑁 = 𝐾𝛿𝑛, (3) 

where 𝐾 is the contact stiffness parameter and 𝑛 is the polynomial order. 

Hunt and Crossley formulated Equation (4), which expresses the relationship be-

tween the force 𝐹𝑁 and the deformation 𝛿 along the normal direction, as a function of 

the hysteresis coefficient 𝜒 related to the damping effect. This equation served as a foun-

dation for a variety of subsequent mathematical models used to describe the contact be-

tween surfaces. 

𝐹𝑁 = 𝐾𝛿𝑛 + 𝜒𝛿𝑛𝛿̇ (4) 

Over time, various formulations for the hysteresis coefficient 𝜒  were developed, 

leading to the modeling of particularized constitutive laws. E. Corral et al. [24] summa-

rized in a comprehensive table published in their paper the mathematical formulations of 

different constitutive laws extracted from scientific literature and used to model the con-

tact between bodies. 

The alternative method for approaching contact-impact problems is the use of dis-

continuous models. The fundamental principle of these types of models implies the im-

penetrability condition of rigid bodies (Figure 3). This condition was formulated by Si-

gnorini-Fichera [18,25], and it is expressed by Equation (5): 

𝑔𝑁 ≥ 0,    𝜆𝑁 ≥ 0,   𝑔𝑁𝜆𝑁 = 0 (5) 

where the product between the distance 𝑔𝑁 along the normal direction and the contact 

force 𝜆𝑁 along the same direction must be null. 

 

Figure 3. Impenetrability condition between two bodies in contact: (a) Open or inactive contact; (b) 

Closed or active contact; (c) Complementarity corner. (Adapted from [18]). 

The causal relationship between impact loading and the propagation of stress waves, 

the initiation of deformation within the elastic or plastic regime, and the energy dissipa-

tion within the composite material system determined the experimental and theoretical 

studies of various composite laminates subjected to impact loads induced by impactors 

with specific properties. 
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3. Mechanical Behavior of Kevlar Fibers Reinforced Composites  

Subjected to Impact Loading 

3.1. Mechanical Properties of Kevlar Fibers 

Aramid fibers are known in the scientific literature for their remarkable strength and 

stiffness properties, which allow them to be used as reinforcing elements for polymeric 

matrices in the material design process intended for load-bearing applications. 

The mechanical characteristics of Kevlar fibers are influenced by the fiber’s physico-

chemical state defined at the molecular level. There are two parameters that are of cardinal 

significance for describing their mechanical behavior, specifically the polymer chain rigid-

ity and the crystallinity [26]. Some of the key mechanical properties extracted from re-

search studies are presented in Table 1. 

Table 1. Densities and tensile properties of different types of Kevlar fibers. 

Fiber Type 
Young’s Modulus  

E [GPa] 

Tensile Strength 

σt [GPa] 

Poisson’s Coefficient 

ν [-] 

Elongation at Break  

ε [%] 

Density 

ρ 

[g/cm3] 

Ref. 

Kevlar 29 

70.00 2.90 0.37 4.00 1.44 [26,27] 

83.00 3.60 - 3.00 1.44 [28] 

68.90 3.20 - 3.90 1.44 [29] 

70.50 2.92 - 3.60 1.44 [30] 

Kevlar 49 

135.00 2.90 0.36 2.80 1.45 [26,27] 

131.00 3.60–4.10 - 2.80 1.45 [28] 

124.10 3.00 - 2.30 1.44 [29] 

112.40 3.00 - 2.40 1.44 [30] 

151.70 2.75 0.35 - 1.46 [31] 

Kevlar 100 
60.00 2.90 - 3.90 1.44 [26,27] 

60.00 3.00 - 2.90 1.44 [28] 

Kevlar 119 
55.00 3.10 - 4.40 1.44 [26,27] 

55.00 3.10 - 3.10 1.44 [28] 

Kevlar 129 
99.00 3.40 - 3.30 1.45 [26,27] 

97.00 3.45 - 3.40 1.45 [28] 

Kevlar 149 
143.00 2.30 0.30 1.50 1.47 [26,27] 

143.00 3.40 - 2.30 1.47 [28] 

Kevlar 363 2S 59.60 1.02 0.30 - 1.40 [32] 

Kevlar 802F 110.00 3.40 0.30 - 1.40 [32] 

Moreover, Kevlar fibers exhibit great damping properties, allowing them to absorb 

vibration energy, which is a significant feature when assessing their dynamic loading be-

havior. Experimental evidence emphasizes that a higher damping ratio implies a reduced 

vibration amplitude and a higher energy dissipation [33]. 

3.2. Effects of the Parameters Related to Manufacturing Process on the Impact Behavior of Kevlar 

Reinforced Composites and Kevlar Hybridized Configurations 

The mechanical behavior of a composite material consisting of two different phases 

is partially dependent on the reinforcement properties and partially influenced by the 

physicochemical state of the matrix [34]. The impact behavior of composite laminates, and 

implicitly the performance of Kevlar-reinforced polymers, is strongly dependent on cer-

tain parameters related to the manufacturing process, including fabric structure, fiber 

thickness, number of laminas, orientation of the laminas, and the symmetry or asymmetry 

of the stacking sequence [35]. Figure 4 is suggestive regarding the composite laminate 
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characteristics that affect the impact properties of the composite materials reinforced with 

continuous fibers. 

 

Figure 4. Laminate characteristics affecting the impact properties (Flat emoji icons from [36]). 

Reinforcing the composite laminates, intended to withstand off-axis impact loads, 

with laminas whose warp and weft yarns are oriented at 0° and 90° with respect to the 

global coordinate system of the composite material, involves the transfer of impact energy 

only along the principal directions of each lamina. To overcome the constraint imposed 

by this fiber orientation and to enhance the capability of the laminate to absorb and dissi-

pate impact energy, multidirectionally oriented fibers, such as [0°/22.5°/45°/67.5°], are pre-

ferred [37]. 

The study conducted by K. Czech and M. Oleksy [38] addressed the analysis of the 

effects of the number of laminas, ply orientation, and weave structure on the impact per-

formance of Kevlar-reinforced epoxy polymers. The results, which are presented in Table 

2, revealed that laminates reinforced with the highest number of twill fabric laminas (12) 

exhibited an energy absorption value 44.63% higher compared to the samples reinforced 

with the same number of laminas, but having plain weaves. 

Table 2. Influence of the fiber type, number of laminas, and fiber orientation on the impact perfor-

mance of the Kevlar-reinforced composite materials [38]. 

Property P4 P8 P12 T4 T8 T12 P04 P08 P012 T04 T08 T012 

No. of laminas 4 8 12 4 8 12 4 8 12 4 8 12 

Weave type Plain Plain Plain Twill Twill Twill Plain Plain Plain Twill Twill Twill 

Fabric stacking se-

quence 
- - - - - - [A] * [B] * [C] * [A] * [B] * [C] * 

Impact parameters 
Impactor diameter: 20 [mm]; impactor weight: 16 [kg]; impact velocity: 4.40 [m/s];  

drop height: 1 [m] 

Absorbed energy [J] 5.10 18.20 36.60 11.80 34.00 74.00 6.10 20.50 52.20 10.30 41.30 75.50 

* Abbreviation for the fabric stacking sequence used: [A] = [0°/22.5°/45°/67.5°]; [B] = 

[0°/22.5°/45°/67.5°/0°/22.5°/45°/67.5°]; [C] = [0°/22.5°/45°/67.5°/0°/22.5°/45°/67.5°/0°/22.5°/45°/67.5°]. 

A comprehensive study regarding the morphology of core-spun compound (CSC) 

yarns and their ballistic impact behavior was conducted by D. Yang et al. [39]. The authors 

reported that the fabric woven from CSC yarns with Kevlar staple fiber demonstrated 

better impact performance than the compound yarn consisting of polyester staple fiber. 

Also, the experimental results proved that both fabrics could absorb a higher amount of 

impact energy than the pure Kevlar woven configuration. In the study conducted by Y. 

Liu et al. [40], which primarily addressed the effects of textile structure and impact energy 

on the capacity of thermoplastic composite laminates to withstand impact loads, the find-

ings revealed that, among the three types of woven fabrics (three-dimensional orthogonal 
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woven (3DOW), three-dimensional angle-interlock woven (3DAIW), and two-dimen-

sional plain woven (2DPW) fabrics), the 3DOW structure demonstrated the highest 

strength under the single impact loading with energy levels of 10 J and 20 J. The three 

types of composites depicted specific failure modes when tested at high energy levels (10 

J and 20 J). The 2DPW and 3DAIW composites failed by means of fiber breakage and de-

lamination. Also, crack propagation was observed for the 3DAIW composite. However, 

the highest damage tolerance was observed in the material experiencing a tight interlock-

ing effect, which is 3DOW. Regarding repeated impacts with an energy of 5 J, all types of 

fabric-reinforced composites exhibited similar behavior, while under an impact energy of 

10 J, the 3DOW material demonstrated superior strength. 

There are multiple impact regimes, depending on the impact velocity, namely low-

velocity (0–50 m/s), sub-ballistic (50–500 m/s) and ballistic (500–1300 m/s) impacts [41]. 

Various studies were conducted on KFRPs regarding the response of the material to high-

velocity impact loading. 

Kevlar fabric is used to reinforce composite materials aimed at absorbing impact en-

ergy when subjected to ballistic tests, not only LVI. D. F. Leiva Palomera et al. [15] per-

formed ballistic tests on neat Kevlar 29 fabric and on a polyurethane matrix reinforced 

with Kevlar 29 fabric having two different areal densities (400 g/m2 and 460 g/m2). They 

visually assessed the deformation of the impacted plates. Two types of ammunition were 

used, namely projectiles of 9 mm caliber and 5.5 mm caliber. The results showed that the 

9 mm projectiles perforated all three tested plates, while the 5.5 mm projectiles were re-

tained in each case. Their findings suggest that increasing the number of laminas with 

higher areal density leads to improved impact performance. This conclusion was also re-

ported by K. Czech and M. Oleksy [38] in their study. A notable remark is that an increase 

in the surface density leads to a higher fragmentation level of the projectiles. This result 

can be attributed to the increased strength of the fabric offered by the higher thread count 

per unit area, preventing the projectile from penetrating the composite material. 

C. Stephen et al. [42] performed high-velocity impact tests on neat Kevlar fabric rein-

forced epoxy matrix and on specimens reinforced with Kevlar, carbon fibers, and glass 

fibers in different stacking sequences. The results related to the neat Kevlar-reinforced 

specimen, consisting of 15 laminas, emphasized that the entire amount of impact energy 

was absorbed, with no penetration being visible. By doubling the thickness of the compo-

site material and by increasing the impact velocity by 173.63%, the outcomes reported by 

Z. Li et al. [43] showed that the absorbed energy decreased by 136.18%, leading to shear 

and tensile failure of the Kevlar fibers. 

The challenge of developing fiber-reinforced composite materials that demonstrate 

excellent impact behavior has been successively addressed. Hybridizing the filler phase 

of fiber-reinforced polymers can significantly enhance their mechanical characteristics 

and expand their application fields. Various studies addressing the effects of the stacking 

sequence, including the hybridization of composites reinforced with Kevlar fibers, were 

conducted in order to identify the optimal layer positioning to increase the impact perfor-

mance at different velocities. 

An interesting research study in which authors analyzed the effects of the reinforce-

ment structure was performed by K. Czech et al. [44]. Their experimental work included 

an impact assessment section of an epoxy matrix reinforced with aramid, basalt, glass fi-

bers, and the hybridized versions consisting of aramid-basalt and aramid-glass fibers. The 

best findings regarding the specimens, including aramid reinforcement, showed that the 

interleaving of aramid and basalt fibers achieved the highest impact strength of 115.9 

kJ/m2 and an energy absorption level of 33.5%. Microscopic analysis revealed that the 

composite reinforced with Kevlar and basalt failed by inter-layer and intra-layer delami-

nation of the basalt fabric. 
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The analysis performed by S. B. Loganathan et al. [45] addressed the effects of the 

asymmetric stacking of carbon and Kevlar-reinforced layers, and also of alternating lam-

inas, on impact damage initiation and propagation. The results proved that composites 

having a Kevlar lamina on the top exhibited a 19% smaller damage area on the upper 

surface and a 28% smaller area on the lower surface for an impact energy of 8 J. When 

dealing with ballistic impacts, the placement of Kevlar fabric within composite laminates 

was also studied, especially when the thickness of the material becomes a parameter to be 

considered. S. Zhao et al. [46] stated in their study that thin composite laminates are more 

suitable for stacking Kevlar fibers at the bottom surface to fully benefit from high fracture 

elongation of the fibers. As the thickness of the composite laminate increases and the Kev-

lar lamina is placed on the bottom of the stack, the failure mechanism transitions from 

global bending of the composite to shear plugging, leading to a smaller damaged area. 

Shifting to the sub-ballistic velocity category, V. Alagumalai et al. [47] assessed the 

impact response of Kevlar and E-Glass reinforced epoxy hybrid composites. During the 

fabrication process of the specimens, Kevlar plies were positioned only at the top and 

bottom of the composite laminate, with three different orientations (0°, 45°, and 60°), while 

the 16 glass fiber plies were stacked in the middle of the laminate. The experimental re-

sults demonstrated that composites with Kevlar oriented at 45° exhibited absorbed energy 

values 14% and 22% higher than the composites whose Kevlar plies were oriented at 0° 

and 60°, respectively. C. Stephen et al. [42] also analyzed the behavior of laminated com-

posites reinforced with Kevlar and glass fibers subjected to high-velocity impact. The find-

ings showed that, while keeping a similar material thickness of 3.2 mm, increasing the 

impact energy by almost 147% allowed the composite material to absorb the entire 

amount of impact energy, compared to the previous study. This behavior may be caused 

by the difference between the properties of the materials used. 

Another experimental investigation regarding the effect of the stacking sequence in 

hybrid composite laminates reinforced with Kevlar, glass, and carbon fibers on the Izod 

impact performance was performed by S. Rout et al. The outcomes emphasized the posi-

tive effects on impact strength of combining two types of fibers, namely Kevlar and glass 

fibers, characterized by a high strain rate until failure, compared to the composite materi-

als reinforced with all three types of fibers (Kevlar, glass, and carbon). Thus, the 

[G/G/K/K/K/G/G] stacking sequence proved the highest impact strength of 126 kJ/m2, 

compared to an impact strength of 80 kJ/m2 corresponding to the [C/G/K/C/K/G/C] stack-

ing sequence [48]. Table 3 presents the results extracted from some research studies men-

tioned above, regarding the effects of manufacturing process parameters on the impact 

behavior of KFRPs. 

Table 3. Influence of manufacturing process parameters on the impact performance of Kevlar-rein-

forced composite laminates. 

Fabric Type 
No. of 

Plies 

Specimen 

Thickness 

[mm] 

No. of 

Impacts 

Impact  

Parameters Abs. Energy 

[J] 
IRI * Remarks Ref. 

E * 

[J] 

v  

[m/s] 

(i) Nonhybridized Kevlar composites 

Low-velocity impact 

Plain weave 14 5.00 

1 9.89 3.20 5.05 - After the 3rd impact, 

the bottom surface 

presents a major ma-

trix crack and severe 

delamination. 

[49] 

3 9.89 3.20 5.16 - 

5 9.86 3.20 4.26 - 

Stacking sequence: [0°]14; Matrix type: Epoxy; Impact method: Drop weight test system 
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3D Orthogonal 

weave 
4 3.30 1 10.00 1.68 5.64 0.77 For all three materials 

impacted at 10 J, fiber-

breakage and delami-

nation are visible. 

[40] 3D angle-interlock 

weave 
4 3.54 1 10.00 1.68 6.17 0.62 

Plain weave 4 3.31 1 10.00 1.68 6.49 0.54 

Stacking sequence: [0°]4; Matrix type: Epoxy; Impact method: Drop weight test system 

Sub-ballistic impact 

Plain weave 

Kevlar 129 
15 3.20 1 226.24 201.00 226.24 - 

No penetration or 

damage on the bot-

tom face of the im-

pacted plate. 

[42] 

Stacking sequence: [0°]15; Matrix type: Epoxy; Impact method: gas-gun apparatus 

Ballistic impact 

Plain weave Kevlar 

49 
27 6.40 1 - 550 95.96 - 

Shear and tensile fail-

ure of Kevlar fibers 

were observed. 

[43] 

Stacking sequence: [K(0°)]27; Matrix type: Epoxy; Impact method: automatic projectile system 

(ii) Kevlar hybridized with carbon, basalt or with glass fibers composites 

Low-velocity impact 

Kevlar & carbon 6 2.15 1 8.00 1.97 7.84 - 
Kevlar is the topmost 

layer. ** 
[45] 

Kevlar & carbon 6 2.15 1 16.00 2.79 13.19 - 
Kevlar is the topmost 

layer. ** 

Stacking sequence: [K(0°)/C(0°)]3; Matrix type: epoxy; Impact method: Drop weight test system 

Kevlar & basalt 4 - 1 96.80 4.4 45.16 - One Kevlar layer is at 

the bottom of the 

stack. 

[44] 
Kevlar & glass 4 - 1 96.80 4.4 8.24 - 

Stacking sequence: [B(0°)/K(0°)/B(0°)/K(0°)/]; Matrix type: epoxy; Impact method: Izod test 

Stacking sequence: [G(0°)/K(0°)/G(0°)/K(0°)/]; Matrix type: epoxy; Impact method: Izod test 

Sub-ballistic impact 

Kevlar & E-glass 16 3.00 1 115.60 170.00 44.80 - Kevlar ply angle is 0°. 

[47] 

Stacking sequence: [K(0°)1/G(0°)14/K(0°)1]; 

Kevlar & E-glass 16 3.00 1 115.60 170.00 58.70 - 
Kevlar ply angle is 

45°. 

Stacking sequence: [K(45°)1/G(0°)14/K(45°)1]; 

Kevlar & E-glass 16 3.00 1 115.60 170.00 37.10 - 
Kevlar ply angle is 

60°. 

Stacking sequence: [K(60°)1/G(0°)14/K(60°)1]; Matrix type: epoxy; Impact method: gas-gun setup 

Plain weave Kevlar 

& EC9-glass 
15 3.20 1 286.02 226.00 280.29 - 

Pull-out of Kevlar fi-

bers can be seen on 

the top and bottom 

faces of the impacted 

plate. 

[42] 

Stacking sequence: [K(0°)5/G(0°)5/K(0°)5]; Matrix type: Epoxy; Impact method: gas-gun apparatus 

Plain weave Kevlar 

& carbon 
15 3.20 1 226.24 201.00 208.68 - 

Damage to the bottom 

layer is localized at 

the impacted zone. 

[42] 

Stacking sequence: [K(0°)5/C(0°)5/K(0°)5]; Matrix type: Epoxy; Impact method: gas-gun apparatus 

Plain weave Kevlar 

& carbon 
27 6.50 1 - 550.50 103.91 - 

Circular perforation, 

Kevlar fiber breakage, 

and matrix failure are 

observed. 

[43] 
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Stacking sequence: [K(0°)20/C(0°)7]; Matrix type: Epoxy; Impact method: automatic projectile system 

* IRI = Impact Resistance Index (IRI is defined as the ratio between rebound energy of the impactor 

and absorbed energy); E = impact energy. ** The topmost layer is towards the impactor. 

In conclusion, manufacturing process parameters, such as the fabric weave type, 

number of laminas, thickness of the composite material, the location of the Kevlar ply in 

the stacking sequence, and its orientation, affect the impact behavior and damage mecha-

nisms of the laminated composite, regardless of the impact velocity regime. 

3.3. Effects of the Nanofillers on Impact Performance of Kevlar Reinforced Composites and Kevlar 

Hybridized Configurations 

The impact requirements that composite materials must accomplish during their ser-

vice life can be reached by integrating various types of nanofillers within polymeric ma-

trices during the fabrication process. The addition of nanoparticles into a composite ma-

terial system designed to withstand impact loads aims to enhance inter-yarn friction, en-

ergy absorption capability, and resistance to through-thickness penetration [50]. Several 

types of nanofillers are aluminum oxide (Al2O3), aluminum nitride or oxynitride (ALON), 

titanium dioxide (TiO2), silicon carbide (SiC), and zinc oxide (ZnO) [51–53]. The effect of 

the concentration of metallic nanoparticles inserted into the polymeric matrix is of para-

mount significance. After a threshold value, the positive contribution to impact strength 

is gradually reduced as the percentage of nanofillers increases. J. J. Joshua et al. [54] per-

formed a study that quantified the influence of alumina powder on hybrid composites 

reinforced with Kevlar and basalt fibers. The analysis results indicated that the addition 

of a percentage of alumina powder higher than the threshold value led to the formation 

of agglomerates that determined the matrix breaking. Nanoparticles can be used not only 

by being mixed with a polymeric matrix, but also by being impregnated into Kevlar fibers, 

resulting in superior abrasion, wear, and tear strength [55]. 

Extensive research was performed on Kevlar-reinforced composite laminates regard-

ing the effects of nanofiller addition on low-velocity or ballistic impact performance. Ex-

perimental test findings are presented in Table 4. The results demonstrate the positive 

effect of different types of nanofillers on the Kevlar-reinforced composite materials. More-

over, the impact performance and interlaminar shear strength of Kevlar-reinforced com-

posite laminates depend on both curing temperature and curing time, whose optimal val-

ues were studied by B. Kumar and B. M. Rajaprakash, using the Taguchi L16 method [56]. 

Table 4. Effects of the nanoparticle addition on energy absorption capacity of the Kevlar reinforced 

laminated composites, and Kevlar hybridized configurations. 

Fabric Type 
Nanofiller 

Type 

Nanofiller 

Content  

[wt. %] 

Impact Parameters Absorbed 

Energy 

[J] 

Conclusion Ref. Energy 

[J] 

Velocity 

[m/s] 

Sub-ballistic impact 

Plain weave Kev-

lar 129 

SiO2 

(12 nm) 
- - 400.00 ~24.00 

Absorbed energy is 25% 

higher than the corresponding 

neat plain weave. 

[55] 

Stacking sequence: [0°/0°/0°/0°/0°/0°/0°/0°]; Matrix type: Epoxy; Impact method: FEM analysis 

Kevlar (warp) and 

basalt (weft) 
Al2O3 5.00 184.68 224.33 39.34 

Absorbed energy is 59.46% 

higher than that correspond-

ing to the sample consisting of 

only 1% nanofiller content. 

[54] 

Laminate thickness: 3 mm; Matrix type: Epoxy; Impact method: high-pressure pneumatic accelerator  

Low velocity impact 
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Kevlar—carbon 

hybrid 
TiO2 5.00 - 3.50 10.10 

Absorbed energy is 31.2% 

higher than the K-C hybrid 

composite without any orien-

tation or nanofiller added. 

[57] 

Stacking sequence: [C(+45°)/K(−45°)/C(90°)/K(0°)/C(90°)/K(−45°)/C(+45°)]; Matrix type: Epoxy; Impact method: 

Izod 
 

Kevlar fabric mat 

(8 plies) 

SiC & 

ZnO 
0.75 & 1.75 - - 60.00 

Absorbed energy depends on 

the nanofiller weight percent-

age, curing temperature and 

curing time. 

[56] 

Stacking sequence: [0°/0°/0°/0°/0°/0°/0°/0°]; Matrix type: Epoxy; Impact method: drop weight test 

Tailoring the friction between warp and weft yarns within the fabric through specific 

methods, such as the addition of nanofillers, can enhance the impact performance of the 

composite material reinforced with the aforementioned fabric. It was shown that mixing 

the polymeric matrix with SiO2 nanoparticles leads to improved adhesion of the matrix to 

the fiber surface. Also, coating Kevlar fabrics with silica particles leads to enhanced bal-

listic performance by increasing their stiffness and strength. 

3.4. Effects of Temperature on Impact Performance of Kevlar Reinforced Composites and Kevlar 

Hybridized Configurations 

Kevlar reinforced composite structures encounter temperature variations during 

their service life, depending on the field of application in which they are included. Also, 

there can be small temperature variations even when performing experimental tests on 

composite materials. The temperature gradient during testing of fiber-reinforced polymer 

composites affects the material toughness. Performing experimental testing under ex-

tremely low-temperature conditions leads to changes in the impact strength [57]. In con-

trast, A. Salehi-Khojin et al. [58] state that for a Kevlar-glass fiber hybrid laminate tested 

at 120 °C and a low impact energy level, the bottom surface cracking does not occur, but 

material bending and plastic deformation of the polymeric matrix are dominant. Table 5 

summarizes the primary results and conclusions extracted from the scientific literature 

regarding the effects of temperature on the impact performance of Kevlar-reinforced lam-

inated composites. 

Table 5. Temperature effects on the impact behavior of Kevlar fabrics and Kevlar-reinforced lami-

nated composites. 

Fabric Type 

Testing 

Temperature 

[°C] 

Impact 

Velocity 

[m/s] 

Absorbed 

Energy 

[J] 

Conclusion Remarks Ref. 

Sub-ballistic impact 

Plain weave Kevlar 129 200 400.00 ~12.00 

This thermal treatment leads 

to a decrease of 34% in im-

pact energy absorption, com-

pared to untreated woven 

fabric. 

Annealed at 

200 °C for 8 h 

under Ar/H2 

gas flow. 

[55] 

Stacking sequence: [0°/0°/0°/0°/0°/0°/0°/0°]; Matrix type: Epoxy; Impact method: FEM analysis 

Plain weave Kevlar 129 350 400.00 ~6.00 

This thermal treatment leads 

to a decrease of 67% in im-

pact energy absorption, com-

pared to untreated woven 

fabric. 

Annealed at 

350 °C for 8 h 

under an 

Ar/H2 gas 

flow. 

[55] 
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Stacking sequence: [0°/0°/0°/0°/0°/0°/0°/0°]; Matrix type: Epoxy; Impact method: FEM analysis 

Low-velocity impact  

Neat Kevlar woven fabric −30 6.00 ~8.00 As the temperature in-

creased, the impact strength 

decreased by 37.5%. 

- 

[59] 
Neat Kevlar woven fabric 60 6.00 ~5.00 - 

STF-Kevlar woven fabric −30 6.00 ~17.50 As the temperature in-

creased, the impact strength 

increased by 85.71%. 

- 

[59] 
STF-Kevlar woven fabric 60 6.00 ~32.50 - 

Impact method: Drop hammer impactor 

At negative temperatures, inter-yarn friction is higher when compared to high tem-

peratures (above 50 °C). This characteristic limits the deformation of the yarns at low tem-

perature, leading to a small, localized area where the fabric exhibited fiber breakage when 

the impactor hit the Kevlar fabric. In contrast, at high temperature, the friction between 

the fabric yarns is reduced; thus, the area where the fibers slip relative to each other is 

larger [59]. 

3.5. Effects of UV Radiation on Kevlar Fibers 

The degradation of Kevlar fibers, as a result of the significant effects of the service 

environment characterized by extreme temperatures or rapid thermal fluctuations, to-

gether with the deteriorating effects caused by UV radiation, leads to a significant limita-

tion regarding the stress level that the material can withstand, especially in the context of 

impact loading. Comprehension of the radiation shielding performance of specific com-

posite materials allows the design of tailored products aimed at minimizing the radiation 

exposure of crew members who perform space missions. The amide-bond linkages of 

Kevlar fibers are sensitive to UV radiation, being easily cleaved under an irradiated envi-

ronment [60]. 

Z. A. Oguz [61] demonstrated a decrease in the impact strength of the Kevlar Fiber 

Reinforced Polymers (KFRPs) and composite laminates hybridized with Kevlar fibers, af-

ter continuous exposure to UV radiation for 450 h. The author reports a partial improve-

ment in the impact response of KFRPs after exposure to the UV spectrum for 900 h. This 

outcome is attributed to the reorganization of the macromolecular chains of the polymeric 

matrix. The same author described the findings regarding the effects of UV aging on the 

hardness properties of Kevlar fibers reinforced epoxy matrix materials. The analysis out-

comes revealed that the hardness increased by 24.6% after exposure to UV radiation for 

40 days, because of surface embrittlement and photochemical changes in the polymeric 

matrix [62]. 

Various methods aimed at enhancing the UV resistance of Kevlar fibers were ex-

plored, including sol–gel and hydrothermal treatments [63]. Moreover, in the context of 

impact energy absorption, shear thickening fluid (STF) and titanium dioxide (TiO2) fabric 

treatment proved to be remarkably beneficial for human protection equipment. The phys-

ical parameter of the fluid that affects the amount of energy absorption is viscosity, which 

fluctuates with the value of the applied external force. Also, TiO2 nanoparticles have re-

markable UV absorption properties, thus increasing the radiation resistance of Kevlar fab-

ric. Table 6 presents the variation in the absorbed energy as a function of UV irradiation 

time for specimens made of Kevlar fiber containing different weight percentages of SiO2 

and TiO2. The results given in Table 6 are extracted from the study performed by D. Li et 

al. [60]. Analysis of the effects of UV radiation on the mechanical properties of Kevlar- 

reinforced composites used for firefighters’ protective clothing was addressed by S. 

Houshyar et al. The critical analysis results emphasized that after four days of UV expo-
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sure, the material was unable to withstand the mechanical loads to which it was subjected 

during the experimental assessment [64]. 

Table 6. Effect of nanoparticles and UV radiation exposure on impact performance of Kevlar fabrics 

[60]. 

Fabric Type 
UV Irradiation Time 

[h] 

Impact Energy 

[J] 

Absorbed Energy 

[J] 
Remarks 

Neat Kevlar 

0 

24.00 

~8.00 - 

80 ~6.00 - 

168 ~5.00 - 

Kevlar with STF, 

SiO2, TiO2 

0 

24.00 

~18.00 
30% SiO2 and 

4 wt.% TiO2 
80 ~16.00 

168 ~14.00 

Kevlar with STF, 

SiO2, TiO2 

0 

24.00 

20.23 
30% SiO2 and 

16 wt.% TiO2 
80 ~18.00 

168 ~16.00 

Impact method: drop weight test equipment with knife blade 

Expanding the application field, radiation shielding performance of Kevlar fabric 

was used to create an integrated solution for space missions performed by the Interna-

tional Space Station (ISS). In the study performed by L. Narici et al. [65], the behavior of 

three detectors was compared, one of them being unshielded and the others being 

shielded with two different areal densities, namely 5 g/cm2 and 10 g/cm2, of Kevlar and 

Polyethylene, under UV radiation conditions on the ISS. The analysis results demon-

strated that dose rate ratios corresponding to the linear energy transfer (LET) ranges (30–

50, 50–70, 100–150, 150–230 and 230–250 keV/μm) of the 10 g/cm2 Kevlar shielded detector 

are higher than those corresponding to the 10 g/cm2 Polyethylene-shielded detector with 

the following percentages: 20%, 10%, 5.55%, 4.87%, and 3.84%. 

Concluding, UV radiation has a negative influence on the Kevlar fabric, resulting in 

undesirable mechanical performance after exposure beyond a threshold period. Fiber 

treatments are a current practice used for increasing the UV resistance of materials, espe-

cially in the context of the need for high impact strength. It was proved that the addition 

of TiO2 contributes significantly to the absorption of impact energy in tests performed 

with a knife impactor on the Kevlar plain weave fabric. 

3.6. Degradation Mechanisms of Kevlar-Reinforced Composite Materials Under the Action of 

Environmental Factors 

Exposure of Kevlar-reinforced composite materials to destructive environmental fac-

tors determines coupled degradation mechanisms in the laminated composite structure. 

Summarizing what was presented in the previous Sections 3.4 and 3.5, Figure 5 illustrates 

a schematic diagram of the damage mechanisms occurring within the Kevlar-reinforced 

polymeric composite materials subjected to either temperature variations or UV radiation. 

Matrix embrittlement, interfacial debonding or delamination, microcracks initiation and 

propagation affect the capacity of the composite material to absorb and dissipate impact 

energy. Kevlar fibers, like vegetable fibers, demonstrated an accelerated reduction in load-

bearing capacity caused by moisture absorption, compared to other composites reinforced 

with synthetic fibers (glass and carbon fibers), under humid conditions. 
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Figure 5. Degradation mechanisms of Kevlar/polymeric matrix composite materials caused by en-

vironmental factors and the effects on impact performance; the symbol ‘↓‘ indicates a decrease (Flat 

emoji icons from [36]). 

3.7. Effects of the Projectile Nose Shape on Impact Performance of Kevlar Reinforced Composites 

Projectile penetration through a material is a complex, transient phenomenon; thus, 

various studies have been conducted to assess the effects of the impactor nose shape on 

the material failure mechanisms [66]. The kinetic energy transferred by the impactor to 

the fabric-reinforced composite material target is absorbed by fiber yarns and the poly-

meric matrix. 

Energy absorption mechanisms depend on the fabric type and the projectile nose 

shape. Scientific research studies addressed the investigation of deformation features of 

the Kevlar-reinforced polymers induced by different impactor geometries, such as conical, 

hemispherical or flat nose geometry, through experimental tests and numerical simula-

tions. M. K. Dewangan and S. K. Panigrahi [67] evaluated the damage and penetration 

level of Kevlar plain fabric reinforced epoxy materials with variable thickness, subjected 

to impact with projectiles having conical and flat nose shapes. The main findings proved 

that sharp projectiles, with nose angle up to 60°, deformed rapidly and caused fiber wedg-

ing within the composite material. Sharp conical projectiles resulted in lower energy ab-

sorption by the target compared to impactors with higher nose angle values because only 

a few yarns were broken during the penetration of the composite plate. In contrast, for 

nose angles between 165° and 180°, including a flat nose projectile, the energy absorption 

increased due to the shear failure of the yarns. 

Applying the same research methodology, J. Shi et al. [68] characterized the behavior 

of 3D angle-interlock Kevlar fabric reinforced epoxy matrix materials subjected to impact 

with a projectile having conical, hemispherical, or cylindrical nose geometry. The authors 

reported that the dominant failure mode induced by the conical impactor on the compo-

site laminate was fiber fracture. Also, the hemispherical impactor determined debonding 

between the fibers and the matrix, while the cylindrical one caused minor resin defor-

mation. A recent study performed on plain weave Kevlar-reinforced Methyl Methacrylate 

(MMA) thermoplastic matrix revealed that a composite material consisting of 16 layers of 

Kevlar fabric impacted with a 0.38 lead round nose (LRN) projectile at a velocity of 300 

m/s absorbed the entire transferred energy from the impactor, without specimen perfora-

tion. In contrast, when the same type of composite material is impacted with a 0.357 Semi-
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Jacketed Soft Point (SJSP) projectile at a velocity of 550 m/s, the specimen was perforated, 

and the residual velocity was equal to 440 m/s [69]. 

Overall, different types of impactor nose shapes determine the formation of various 

damage areas and produce distinct damage mechanisms through the thickness of the Kev-

lar-reinforced composite laminates. In addition, the values of residual properties of both 

the impactor and the target laminate vary along with the impactor geometry. 

4. Mechanical Behavior of Glass Fibers Reinforced Composites  

Subjected to Impact Loading 

4.1. Mechanical Properties of Glass Fibers 

One of the most common types of fiber used as a reinforcing element for polymeric 

matrix is glass fiber. Glass fibers were the invention of the French scientist René Ferchault 

de Réaumur [70]. Being more versatile than carbon fibers and less costly, glass fibers have 

remarkable properties, including high strength and stiffness, flexibility, and resistance to 

chemicals [71]. 

The particular properties of glass fibers in the composite materials industry vary de-

pending on their chemical composition. The main elements contained in the fiber struc-

ture are silica, soda ash, and limestone. Silica is a constituent intended for the formation 

of glass, while the latter two constituents serve to reduce the temperature corresponding 

to the melting point [70,72]. 

In scientific literature, few significant categories of glass fibers can be distinguished, 

each of them having specific utilities. A concise classification of glass fiber types, together 

with their related characteristics, is illustrated in Figure 6. Among the glass fiber types, E-

glass fibers are emphasized for their impressive electrical insulation properties, S-glass 

fibers are known for their remarkable tensile strength, while C-glass and D-glass give 

chemical resistance and dielectric performance. Regarding their behavior in withstanding 

dynamic loads, Alkali-Resistant (AR) glass fibers assign high impact strength and toler-

ance to an alkaline environment to the composite material they serve as reinforcements 

[73]. Table 7 presents the elastic and mechanical properties of the main types of glass fi-

bers, reported in the research studies. 

 

Figure 6. Glass fiber types and their characteristics. 
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Table 7. Densities and tensile properties for different types of glass fibers. 

Fiber 

Type 

Young’s Mod-

ulus 

E [GPa] 

Tensile 

Strength 

σt [GPa] 

Poisson’s 

Coefficient 

ν [-] 

Elongation 

at Break 

ε [%] 

Density 

ρ [g/cm3] 
Ref. 

E-glass 

72.30 3.445 0.200 4.80 2.580 [70,71] 

72.40 3.450 0.200 4.80 2.540–2.600 [74] 

73.50 3.500 - 4.80 2.570 [73] 

76.00 3.445 - 2.75 2.560 [75] 

83.00–86.00 3.1–3.8 - 4.70 2.540 [76] 

S-glass 

86.90 4.890 0.220 5.70 2.460 [70,71] 

86.80 4.600 - 5.40 2.460 [73] 

88.00–91.00 4.38–4.59 - 5.40–5.80 2.480–2.490 [77] 

C-glass 68.90 3.310 0.276 4.80 2.520 [70,71,74] 

D-glass 51.7 2.415 - 4.60 2.110–2.140 [70,71,74] 

AR-glass 

73.1 3.241 - 4.40 2.700 [70,71,74] 

175.0 3.500 - 2.00 2.680 [73] 

72.0 1.700 - - 0.845 [78] 

R-glass 85.5 4.135 - 4.80 2.540 [70,71,74] 

4.2. Effect of Parameters Related to Manufacturing Process and Glass Fiber Reinforced 

Configuration, on the Impact Behavior of Glass Fibers Reinforced Composites 

Glass fiber reinforced polymers have superior impact strength compared to carbon 

fiber reinforced composite laminates, a fact which is attributed to the higher value of the 

strain-to-failure ratio of GRFP [79]. Aramid fibers possess impressive flexibility, having 

an elongation at break value within the range of 2.4–3.6% [80]. In Table 1 in Section 3.1, 

the maximum value of the elongation at break is 4%, reported for Kevlar fibers. Along 

with low density and high tensile strength, Kevlar fibers demonstrate the ability to form 

a tough, impact-resistant structure [81]. 

Mechanical properties of GFRP, implicitly its impact performance, depend on the 

parameters related to the manufacturing process, in the same manner as those of Kevlar 

fibers reinforced composite materials. The necessity to understand the effects of the vari-

ation in each parameter considered within the manufacturing process, especially the pa-

rameters which most significantly affect the impact strength of the glass fibers reinforced 

composite, has prompted the conduct of thorough experimental and numerical studies 

within the research community. 

S. AlOmari et al. [82] performed an interesting study where the effects of stacking 

sequence and resin types (such as epoxy, phenolic, and polyester resins) on the low-ve-

locity impact properties of glass fibers, carbon fibers, and their hybridized configurations 

were investigated. For this study, the performance of glass fiber reinforced polymers was 

of primary interest. Table 8 summarizes the resulting values of the absorbed energy of 

each sample containing only glass fibers as reinforcement. C. Kaboglu et al. [83] examined 

the effect of the curvature of composite materials manufactured with two different stack-

ing sequences on their impact strength. The analysis outcomes revealed that the impact 

strength of the specimens decreased as the curvature increased. Considering the data 

shown in Table 8, it must be noted that for approximately the same thickness of 5 mm and 

the same impact energy of 150 J, both plain woven E-glass fabric reinforced epoxy com-

posite and unidirectional glass fibers reinforced epoxy composite absorbed about 50% of 

the impact energy. Nevertheless, the study performed by J. W. Wong et al. [84], addressing 

the effects of both fiber structure and stacking sequence in glass fibers reinforced polymers 

on the impact behavior, concluded that bi-axial Glass Fibers Reinforced Polymer (GFRP) 

dissipated a higher amount of impact energy than unidirectional laminas reinforced com-
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posites. A. I. Ra’eis et al. [85] investigated the influence of five stacking configurations of 

pultruded glass fibers reinforced composites on the energy absorption capacity during 

impact loading. The key findings showed that inserting a larger number of laminas and 

alternating 0°, 45°, and −45° fiber orientations led to improved impact energy dissipation. 

Regarding hybridized configurations, the research performed by R. Maier et al. [86], 

which addressed the effects of the hybridization of glass and carbon fibers in composite 

materials on low-velocity impact performance, concluded that the absorbed energy values 

were higher for the specimens manufactured by alternating glass fiber laminas with car-

bon fiber laminas than those corresponding to the samples manufactured by alternating 

groups of glass fibers with groups of carbon fibers. The authors attributed this finding to 

the high stiffness of carbon fibers, which creates a mechanism for efficient impact energy 

absorption when the fibers are positioned in high-stress areas. It is concluded that cross-

ply laminated composites are advantageous in terms of the perforation energy threshold. 

Table 8. Influence of fiber type, matrix type, thickness and stacking sequence on the impact behavior 

of glass fiber reinforced composites and their hybridized configurations. 

Fiber Type Matrix 
Thickness 

[mm] 
Stacking Sequence 

Impact 
Absorbed 

Energy [J] 
Ref. E  

[J] 
v [m/s] 

(i) Nonhybridized glass fiber reinforced composites 

Low-velocity impact 

Woven glass 

EP * 4.90 
[90°/0°/45°/−45°/90°/0°/45°/−45°/90°

/0°/45°/−45°]s 
20.00 2.06 9.01 

[82] 

Ph * 5.00 
[90°/0°/45°/−45°/90°/0°/45°/−45°/90°

/0°/45°/−45°]s 
20.00 2.06 13.20 

P * 4.70 
[90°/0°/45°/−45°/90°/0°/45°/−45°/90°

/0°/45°/−45°]s 
20.00 2.06 9.49 

EP * 7.40 

[45°/−45°/90°/0°/45°/−45°/90°/0°/45°

/−45°/90°/0°/45°/−45°/90°/0°/45°/−45

°] 

20.00 2.06 11.08 

Impact method: Drop tower system 

Plain  

woven  

E-glass 

EP * 5.00 [0°]20 50.00 - 41.60 

[87] 
EP * 5.00 [0°]20 150.00 - 125.00 

EP * 10.00 [0°]40 50.00 - 41.20 

EP * 10.00 [0°]40 150.00 - 124.00 

Impact method: FEM analysis 

Unidirec-

tional glass 

fiber 

EP * 4.80 [0°/0°/−45°/+45°/90°/90°]s—flat 140.00 5.00 ~73.00 

[83] 

EP * 4.80 
[0°/0°/−45°/+45°/90°/90°]s— 

304 mm curvature 
140.00 5.00 ~65.00 

EP * 4.80 
[0°/0°/−45°/+45°/90°/90°]s— 

760 mm curvature 
140.00 5.00 ~72.00 

EP * 4.80 [90°/90°/−45°/+45°/0°/0°]s—flat 140.00 5.00 ~78.00 

EP * 4.80 
[90°/90°/−45°/+45°/0°/0°]s— 

304 mm curvature 
140.00 5.00 ~70.00 

EP * 4.80 
[90°/90°/−45°/+45°/0°/0°]s— 

760 mm curvature 
140.00 5.00 ~95.00 

Impact method: Drop tower system 

Unidirec-

tional + glass 

fiber mats 

R * 5.00 [45°/0°/45°] - - 293.66 

[84] 
R * 6.00 [45°/−45°/90°/0°/45°] - - 134.40 

R * 7.00 [45°/−45°/0°/90°/0°/90°/0°] - - 273.57 

R * 6.00 [0°/45°/0°/−45°/0°/−45°/0°/45°/0] - - 458.71 
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R * 8.00 [45°/−45°/0°/0°/0°/0°/0°/0°/−45°/45°] - - 191.54 

(ii) Hybridized glass fiber reinforced composites 

Twill  

woven glass 

fiber 

EP * 5.80 [+45°G/−45 °C/0°G/90 °C]4s 33.00 4.34 21.65 

[86] 
EP * 5.80 

[+45°G/−45°G/0°G/90°G/+45 °C/−45 

°C/0 °C/90 °C]2s 
33.00 4.34 17.93 

Impact method: Drop tower system 

* EP = epoxy, Ph = phenolic, P = polyester, R = resin. 

4.3. Effect of Temperature on Impact Properties of Glass Fibers Reinforced Composites and Glass 

Fiber Hybridized Configurations 

Exposure to a service environment with temperature fluctuations or extreme temper-

atures can cause morphological modifications, which influence the impact behavior of 

glass fiber reinforced composite materials. In addition to the temperature level, exposure 

time has a significant effect on the impact performance of the laminate [88]. Low temper-

ature generates matrix embrittlement, while high temperature enhances the ductility of 

the continuous phase [8,89]. Impact loading at low ambient temperatures produces rapid 

crack initiation, which leads to large-area damage in the material [90]. A. M. Amaro et al. 

[91] state that the effects of decreasing temperature on the impact behavior of the compo-

site materials regarding the damage propagation are comparable to the outcomes gener-

ated by increasing the impact energy value. 

The authors B. Vieille and A. Coppalle [92] performed a study that assessed the ther-

mal degradation induced by a kerosene flame on the impact behavior of the hybrid com-

posite material based on Polyether Ether Ketone (PEEK) reinforced with both glass fibers 

and carbon fibers. The primary results of their study regarding the effects of testing tem-

peratures, i.e., room temperature (RT) and 150 °C, on the impact performance of the earlier 

mentioned hybrid composites, are presented in Table 9. The authors concluded that the 

permanent indentation of the specimens subjected to fire exposure increased by approxi-

mately 40% for each of the tested impact energies, and the peak force decreased by 65% 

compared to the samples that were not subjected to thermal degradation. 

Table 9. Effects of testing temperature on the impact behavior of the composite based on PEEK 

reinforced both with carbon fibers and glass fibers [92]. 

Testing Temperature: RT [°C] Testing Temperature: 150 [°C] 

Impact Energy [J] Absorbed Energy [J] Impact Energy [J] Absorbed Energy [J] 

25.00 ~11.00 25.00 ~12.50 

30.00 ~16.00 30.00 ~16.00 

35.00 ~25.00 35.00 ~25.00 

40.00 ~30.00 40.00 ~30.00 

Matrix type: Polyether Ether Ketone (PEEK) 

Stacking sequence: 

[(0°/90°)G*/(0°/90°)C*/(±45°)C*/(0°/90°)C*/(±45°)C*/(0°/90°)C*/(±45°)C*/(0°/90°)C*]S 

Impact method: Charpy pendulum test equipment 

* Subscript G means glass fiber fabric, while subscript C represents satin weave carbon fiber fabric. 

4.4. Effect of Hygrothermal Aging on Impact Performance of Glass Fibers Reinforced  

Composite Materials 

Hygrothermal aging is defined as the result of the concurrent action of temperature 

and moisture acting on the composite structure. Water molecules possess a strong affinity 

for hydrophilic components existing in various types of polymeric matrices [93]. Water 

diffuses through the macromolecular chains of the matrix or through microvoids caused 

by the manufacturing process, and determines the expansion of the polymer constituents, 
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leading to weak intermolecular bonding forces. This phenomenon is referred to as the 

plasticization of the material [8]. Water absorption depends on the polymeric matrix type. 

A notable characteristic of epoxy resin is its high moisture diffusivity, which results in 

volumetric expansion [89]. 

D. Wang et al. [94] performed an analysis that addressed the investigation of the 

damage mechanisms of glass fiber-reinforced epoxy vinyl ester and unsaturated polyester 

composite materials subjected to a hygrothermal environment. The authors concluded 

that temperature and moisture have strong negative effects on composite laminates con-

taining unsaturated polyester matrix, affecting both the appearance and the macrostruc-

ture of the material. An interesting experimental study regarding the impact behavior of 

T-joints after being subjected to hygrothermal aging was conducted by P. You et al. [95]. 

The primary results showed a significant reduction in both impact strength and impact 

force with increasing aging time and temperature values. Specific results extracted from 

their analysis are presented in Table 10. Degradation of the composite material reinforced 

with glass fibers resulting from prolonged exposure to high temperature is characterized 

by vertical microcrack initiation and propagation and a clearly visible dent after impact 

testing. As illustrated in Table 10, the displacement corresponding to the sample aged for 

six weeks and impacted with an energy of 17 J is 73.65% higher than that of the same 

material aged for the same period of time, but subjected to an impact energy of only 9 J. 

Table 10. Influence of aging time and temperature on GFRP [95]. 

 Force [N] Displacement [mm] 

Aging Time [Weeks] 1 6 1 6 

Impact energy [J] 10.00 
1679.00 1430.00 7.10 8.37 

Temperature [°C] 25.00 

Impact energy [J] 9.00 
1411.00 1250.00 8.71 9.79 

Temperature [°C] 60.00 

Impact energy [J] 17.00 
1950.00 1663.00 11.97 13.06 

Temperature [°C] 25.00 

Impact energy [J] 17.00 
1815.00 1350.00 13.18 17.00 

Temperature [°C] 60.00 

Stacking sequence: [0°/90°]6, thickness: 4 mm; matrix type: vinyl ester 

Impact method: Drop weight test system 

M. Rabough et al. [96] performed a numerical analysis regarding the hygrothermal 

effects, i.e., 289 days at 50 °C with 95% relative humidity, on the impact performance of S-

glass fibers reinforced polyester composite materials, considering three different impact 

energies (9 J, 13 J, and 18 J). The simulation results indicated that the maximum value of 

the contact force decreased as the moisture concentration increased. The authors con-

cluded that water absorption has a beneficial effect on the impact force response until the 

saturation concentration, when the moisture causes material degradation. H. Li et al. [97] 

assessed the behavior of GFRP aged in two different environments, namely tap water and 

artificial seawater at 60 °C for 1200 h, and subjected them to multiple impacts. Analysis 

outcomes revealed that the total absorbed energy exhibited a decrease of 16% and 32% for 

the GFRP composites immersed in tap water and in seawater, respectively. 

Compared to carbon fiber-reinforced composites, materials containing glass fibers 

exhibit greater changes in their elastic properties after hygrothermal aging. An experi-

mental study performed by S. Yalçinkaya et al. [98] revealed that GFRP specimens im-

mersed in seawater for 30 and 60 days exhibited a decrease in the value of the modulus of 

elasticity of 7.015% and 11.53%, respectively, compared to the specimens that were not 

subjected to aging. Also, the authors concluded that the visual changes corresponding to 
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GFRP were more pronounced than the features determined through microscopic exami-

nation of CFRP. 

4.5. Degradation Mechanisms of Glass Fibers Reinforced Composite Materials 

Compared to Kevlar fibers, glass fibers possess higher resistance to thermal fluctua-

tions and exhibit excellent behavior under humid environmental conditions. However, 

composite materials operating in a service environment with extreme temperatures or in 

an atmosphere conducive to water uptake develop residual stresses at the fiber-matrix 

interface. Considering what was presented in Sections 4.3 and 4.4, Figure 7 highlights the 

damage mechanisms occurring in the composite material structure, which is based on 

polymeric resin reinforced with glass fibers. The development of thermal stresses at the 

fiber-matrix interface, resulting from temperature variations and moisture absorption, de-

termines molecular-level modification of the resin. Extremely low temperature causes ma-

trix embrittlement, while high temperature enhances matrix ductility. 

 

Figure 7. Degradation mechanisms in glass fibers/polymeric matrix composite materials caused by 

environmental factors and their effects on impact performance; the symbol ‘↓‘ indicates a decrease 

(Flat emoji icons from [36]). 

4.6. Effect of Projectile Nose Shape on the Impact Performance of the Glass Fiber  

Reinforced Composites 

Similar to Kevlar-reinforced composite materials, research on the effects of the pro-

jectile shape on glass fiber reinforced polymers represented the theme of numerous stud-

ies which aimed at assessing the damage mechanisms induced by the penetration or per-

foration of composite specimens. 

Residual velocity and damage of the composite material elements vary depending 

on the projectile nose shape. Using the results obtained from numerical analysis, M. Ku-

mar et al. [99] mentioned that a flat projectile impacting a composite laminate consisting 

of eight layers with a 0°/90° orientation had the minimum exit velocity compared to im-

pactors having conical or ogival nose shapes. 

The degradation of the laminated composite materials subjected to the impact load-

ing is strongly dependent on the projectile nose shape. Degradation is quantifiable 

through the number of penetrated laminas, the layer delamination mode, and the defor-

mation of the bottom layer [100]. An interesting study was performed by C. Arivoli and 

K. Ramajeyathilagam [101] regarding the effects of the spherical and conical shape projec-
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tiles on the impact behavior of the flat and curved specimens made of glass fiber rein-

forced polymers. Table 11 presents significant results extracted from their study, from 

FEM analysis, regarding the variation in the absorbed energy as a function of both the 

initial velocity of the impactor and the impactor nose shape. The analysis outcomes re-

vealed that the energy absorption capability has a higher value for laminated panels im-

pacted by a spherical-shape impactor, compared to those obtained with an impactor hav-

ing a conical nose shape and manufactured with a large radius of curvature. 

Table 11. Absorbed energy depending on the impactor geometry acting on flat and curved glass 

fiber reinforced composite panels [101]. 

Composite Configuration 
Initial Energy  

[J] 

Absorbed Energy 

[J] 
Remarks 

Flat panel 18.00 
18.00 Spherical impactor 

14.10 Conical impactor 

Curved panel: 203 mm 

ROC * 
32.00 

31.30 Spherical impactor 

16.90 Conical impactor 

Curved panel: 112 mm 

ROC * 

32.00 32.00 Spherical impactor 

32.80 19.80 Conical impactor 

* ROC = Radius of Curvature. 

5. Mechanical Behavior of Vegetable Fibers Reinforced Composites 

Subjected to Impact Loading 

5.1. Mechanical Properties of Vegetable Fibers: Flax, Hemp, and Jute 

Vegetable fiber reinforced composite materials are used in numerous engineering 

applications, such as the automotive, aerospace, civil engineering, and sports industries, 

due to their acceptable mechanical properties together with low density, low cost, impres-

sive energy absorption capacity, and biodegradability [102,103]. Flax, hemp, and jute fi-

bers demonstrated specific strength and specific stiffness characteristics similar to those 

of glass fibers [104,105]. Mechanical behavior of bast fibers is strongly associated with the 

chemical composition of the natural fibers. The chemical constituents existing in the fiber 

structure that have mechanical relevance are polysaccharides, such as chitin and cellulose, 

both exhibiting higher stiffness in the axial direction than in the transverse direction [34]. 

Pectin represents a category of heteropolysaccharides aimed at increasing the structural 

flexibility of the fibers [105]. 

Flax is known in scientific literature as Linum usitatissimum [105]. Longitudinal fibers 

extracted from the stalk are among the oldest vegetable fibers used to manufacture woven 

fabrics, having higher strength, durability, and stability of properties under environmen-

tal fluctuations than jute fibers [106]. Flax, hemp, and jute, all of them being bast fibers, 

exhibit related internal structure. Figure 8 presents a general overview of the components 

of the flax fiber stem. Two concepts, frequently encountered in scientific articles related to 

the analysis of vegetable fillers, are elementary fibers and technical fibers. Technical fibers 

are grouped in bundles, and their characteristic dimension is their diameter, with values 

ranging from 30 μm to100 μm. Technical fibers contain multiple elementary fibers, having 

diameters between 10 μm and 20 μm [104]. Elementary flax fibers may naturally contain 

cell-wall defects which represent the tensile failure initiation points. These irregularities 

appear during the fiber processing procedure or are caused by the local misalignment of 

cellulose microfibrils [107]. 
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Figure 8. Morphology of transverse section of flax stem (adapted from [108]; flat emoji icons from 

[36]). 

Hemp is a plant belonging to the Cannabaceae family when referring to a botanical 

perspective. There are two cultivated species in Europe and Asia: Cannabis sativa L., used 

for fibers and seeds, and Cannabis indica Lam., cultivated for the production of narcotic 

substances [109]. Regarding the external morphological particularities, the root has mul-

tiple ramifications and can reach up to 1–2 m deep in the soil, the stem height can have 

values up to 5 m, and the stem diameter can range between 0.5 and 60 mm [109]. 

The hemp plant internal structure consists of two different types of fibers, i.e., bast 

fibers and the woody core parts, also called hurds or shives [110]. The woody part of the 

stem is categorized as agricultural waste, as it is removed during the processing of hemp 

fiber [111]. The percentage of long fibers, which can be used to create woven fabrics, con-

tained within the hemp stalk, is on average 30%, the complementary percentage corre-

sponding to woody shives [111]. Hemp fibers are predominantly used in the construction 

sector, encompassing multiple advantages, such as impressive thermal and acoustic prop-

erties, non-toxicity, energy efficiency, high tensile strength, and lightweight, when used 

as reinforcement for composite materials, representing an alternative solution to tradi-

tional building materials [112,113]. 

Jute is a vegetable fiber belonging to the Corchorus genus [114,115]. From a mechani-

cal perspective, jute fibers possess impressive specific strength and stiffness, while having 

remarkable thermal and acoustic properties [114]. These characteristics are indirectly de-

pendent on various natural factors, such as temperature, atmospheric humidity, soil fer-

tility level, harvesting region, and harvesting time [116,117]. The particularities that di-

rectly affect the mechanical behavior of natural fibers, implicitly jute fibers, are their di-

mensions, i.e., length and diameter. There is a critical fiber length beyond which the me-

chanical properties decrease due to weak fiber-to-matrix adhesion and poor stress trans-

fer, when the fibers are used as reinforcement in composite materials [118]. 

The mechanical behavior of a composite material containing two different compo-

nents, namely the polymeric matrix and the filler, is proportionally dependent on the 

properties of each constituent. The geometry of the fibers, their dimensions, their humid-

ity level, along with the physico-chemical state of the matrix, are factors that influence the 

composite material performance. The capability of the physical bonding between the fi-

bers and the matrix to withstand the loads across the interface represents a factor of con-

siderable importance when assessing the mechanical behavior of a composite material 

[119]. The difference in chemical composition between the lignocellulosic fibers and syn-

thetic matrices leads to poor fiber-to-matrix adhesion. The hydrophilic character of cellu-

lose, which exists in the structure of as-harvested vegetable fibers (such as flax, hemp, and 

jute), determines water absorption by the filler phase, contributing to the premature dete-

rioration of the composite material [120]. Numerous treatments carried out on fibers for 

reducing the water uptake into the vegetable fiber structure were assessed. Optimizing 

the state of the intermediate phase of the composite material is fundamental for increasing 

its mechanical properties. Table 12 presents values extracted from the scientific literature 
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for the mechanical properties of flax, hemp, and jute fibers, categorized based on values 

of fiber diameter. The diameter of the hemp stem is variable with the plant growth stage, 

having lower values within the flowering phase and increasing until the hemp reaches the 

maturity phase, which is appropriate for harvesting [121]. 

Table 12. Mechanical properties of the flax, hemp, and jute fibers. 

Fiber Diameter [μm] 
Elastic Modulus 

[GPa] 

Tensile Strength 

[MPa] 

Strain at Max. Force 

[%] 
Fiber Type Ref. 

Flax fibers 

40.00–600.00 27.60 345.00–1000.00 2.70–3.20 - [122] 

- 50.67 598.73 ~1.15 Technical [104] 

19.93 9.23 335.00 0.07 * Elementary [123] 

82.00 19.40 347.00 1.80 Technical [124] 

Hemp fibers 

25.00–500.00 70.00 690.00 1.60 - [122] 

- 34.65 566.45 ~1.10 Technical [104] 

17.00–23.00 30.00–60.00 310.00–750.00 2.00–4.00 - [121] 

123.73 59.05 640.65 1.08 * Elementary [125] 

Jute fibers 

25.00–200.00 13.00–27.00 393.00–800.00 0.70–1.50 - [118,122] 

5.00–25.00 20.00–55.00 187.00–773.00 1.50–3.10 - [118] 

18.00 13.60 374.00 1.64 - [115] 

* The unit for this strain value is [mm/mm], as stated in the original article [121]. 

5.2. Effects of the Hygrothermal Aging on the Impact Performance of Vegetable Fibers (Flax, 

Hemp, and Jute) Reinforced Composite Materials 

Natural fibers, regardless of their mineral, animal, or vegetable origin, are susceptible 

to deterioration caused by a humid environment due to their hydrophilic nature. Vegeta-

ble fibers analyzed in this review, i.e., flax, hemp, and jute, have chemical compositions 

containing cellulose, hemicellulose, lignin, and pectin. While lignin is the chemical com-

ponent that allows for UV deterioration of vegetable fibers, hemicellulose contributes to 

water uptake within the fiber structure [126]. Fiber swelling, resulting from water absorp-

tion, can be reduced by increasing the fiber-to-matrix adhesion forces. In this regard, fiber 

surface chemical treatments are widely used to increase the hydrophobicity of the vege-

table fillers. 

Research studies regarding the influence of moisture absorption were conducted on 

flax fiber-reinforced composite materials. S.M. Vinu Kumar et al. [127] investigated the 

effect of salt water on the impact performance of the flax fabric-reinforced epoxy materi-

als. The key findings demonstrated that for both dry and water-soaked samples, the im-

pact strength increased with increasing fiber content. It must be noted that the flax fibers 

were pre-treated with alkali and trimethoxymethilsilane (ATS), and the specimens were 

immersed in water for 24 h. 

Besides water immersion, the influence of humidity on the impact behavior of flax- 

reinforced composites can be assessed by applying a drying treatment to the fibers before 

proceeding to the manufacturing process. This interesting technique was used by R. 

Ciardello et al. [128] who dried the flax fabric in an oven at 60 °C for 8 h. They admitted 

that, after the heating cycle, the flax fabric laminas showed a weight loss of 6.1%. They 

used three different types of epoxy resin (Elium, IN2, and IB2) in the fabrication process, 

and each sample was subjected to a perforation test at an impact energy of 25 J. The key 

findings demonstrated that the maximum impact force was about 600 N for all resin types. 
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A comprehensive study was performed by Y. Shen et al. [129] regarding the temper-

ature and moisture effects on the impact damage of flax-reinforced epoxy materials. Spec-

imens consisting of 24 flax fabric laminas were immersed in deionized water for seven 

different time intervals (1, 2, 4, 6, 8, 12, and 16 weeks), then tested at impact energies be-

tween 1 J and 6 J (1 J, 3 J, 5 J, and 6 J). The key findings showed that before water immer-

sion, the highest impact loads of 3450 N and 3140 N were recorded for samples tested at 

an impact energy of 6 J, before and after 16 weeks of immersion in water, respectively. 

Furthermore, morphological particularities emphasized that the larger displacement and 

damage area corresponded to the laminated composite material impacted at 6 J, while no 

delamination or fiber breakage occurred within the specimen tested at impact energies up 

to 5 J. After immersing the specimens in water for 16 weeks, the damage threshold limit 

decreased by 9%, and the micrograph of the damage initiation modes indicated that the 

amount of water absorbed by the samples led to flax fiber failure. It is remarked that the 

water absorption led to damage of the structure of the flax fiber, such as “the cell-wall peel 

off from the flax fiber”, in addition to the degradation of the fiber-matrix interface, accord-

ing to the conclusions of the recent research [129]. 

Numerous experimental analyses were performed on hemp-reinforced composites 

to assess their impact performance after controlled exposure to aqueous environments. 

The study performed by Mieczyslaw S. et al. [130] addressed the effects of multiple water 

types, described by different salinity levels, on the impact performance of hemp fiber-

reinforced polymers. The matrix used was a polyester resin based on DiCykloPentaDien 

(DCPD), particularly intended for use in yacht manufacturing. The primary results em-

phasized that the samples containing 11 chemically modified hemp fabric laminas demon-

strated an impact strength 24.36% higher after immersion in fresh water than that corre-

sponding to the glass fiber-reinforced polymer. The samples containing 11 unmodified 

hemp fabric laminas proved an impact strength only 7.05% higher than the value corre-

sponding to GFRP. Also, the specimens consisting of 11 modified hemp fabric laminas 

soaked in water with a salinity level of 7.8‰ demonstrated an impact strength 68.98% 

higher than that of the GFRP samples tested under the same conditions. 

Pursuing the same research path, some of the authors of the aforementioned article 

compared the properties of hemp fiber-reinforced composite materials with those corre-

sponding to GFRP with the aim of determining a correlation coefficient between the two 

types of composite materials. Thus, Mieczyslaw S. et al. [131] concluded that it is appro-

priate to substitute conventional GFRP with environmentally friendly HFRP, based on the 

analyzed floating object. 

P. D. R. Swain and S. Biswas [132] assessed the impact strength of jute fiber-rein-

forced epoxy matrix containing Al2O3 filler. The samples were immersed in distilled water 

for 10 days prior to the mechanical tests. Experimental evidence emphasized that increas-

ing the fiber content results in a higher amount of absorbed water within the jute fiber 

structure. The authors attributed this behavior to the increase in the number of hydroxyl 

groups in the cellulose composition as the jute fiber content increases in the material. Also, 

the impact strength is unfavorably influenced by a humid environment. Thus, for the dry 

samples containing 30 wt.% jute fiber and 10 wt.% Al2O3, the absorbed energy was 1.9 J, 

while for the wet samples with the same percentages of reinforcing elements, the impact 

energy was about 1.75 J. 

Experimental tests were performed by R. Gideon and D. Atalie [133] to explore the 

impact strength and the water absorption properties of jute and palm leaf reinforced hy-

brid composite material. Within the context of the Section 5.2, only the samples consisting 

of jute fibers are of interest, not the hybridized versions. The primary results emphasized 

that the composite material containing only jute fibers as the reinforcing element demon-

strated the highest water absorption of 1.26% after immersion in water for 15 days at room 
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temperature and the lowest impact strength of 19.02 kJ/m2. Table 13 presents the values 

extracted from this study, corresponding only to jute fiber-reinforced recycled polypro-

pylene matrix. Also, Table 13 lists results regarding the effects of hygrothermal aging on 

the impact behavior of jute fiber-reinforced composite materials. 

Table 13. Influence of hygrothermal aging on the impact performance of flax, hemp, and jute fibers 

reinforced composite materials. 

Composite Config-

uration 
Water Type 

Immer-

sion Time 

No. of 

Laminas 

Impact 

Energy 

[J] 

Impact  

Characteristic BWI 

Impact  

Characteristic 

AWI 
Ref. 

Value Unit Value Unit 

Flax reinforced composites 

35% Flax, 

65% EP ** 

Salt water, 

RT ** 
24 h 4 - 270.00 J/m 220.00 J/m 

[127] 
45% Flax, 

55% EP ** 

Salt water, 

RT ** 
24 h 4 - 330.00 J/m 290.00 J/m 

Impact method: Izod test 

Flax, EP ** 

Deionized 

water, 23 °C  
16 weeks  24 

1.00 ~2000.00 N - - 

[129] 
Flax, EP ** 3.00 ~3000.00 N - - 

Flax, EP ** 5.00 ~3300.00 N - - 

Flax, EP ** 6.00 3450.00 N 3140.00 N 

Impact method: Drop weight test system 

Hemp reinforced composites 

Hemp, polyester 

AropolTMM604 

TBR 

Water with 

salinity 7.8‰ 
3 months 

7 

50.00 

18.50 J/cm2 22.60 J/cm2 

[130,131] 
9 19.90 J/cm2 31.60 J/cm2 

11 21.10 J/cm2 35.40 J/cm2 

13 26.80 J/cm2 34.70 J/cm2 

Impact method: Charpy pendulum test equipment 

Jute reinforced composites 

30% Jute, 70% PP ** - - - - - 19.02 KJ/m2 [133] 

Impact method: Charpy pendulum test equipment 

10% Jute, 10% 

Al2O3, 80% EP ** 

Distilled wa-

ter 
10 days - - 

1.25 J 1.15 J 

[132] 
30% Jute, 10% 

Al2O3, 60% EP ** 
1.90 J 1.75 J 

40% Jute, 10% 

Al2O3, 50% EP ** 
1.80 J 1.70 J 

Impact method: Izod test 

BWI is the abbreviation for Before Water Immersion, and AWI is the abbreviation for After Water 

Immersion. ** PP = Polypropylene, EP = Epoxy. RT = Room Temperature. 

The hydrophilic nature of vegetable fibers contributes significantly to moisture ab-

sorption within the fiber structure. To minimize the detrimental effects of fiber swelling, 

reflected in the impact strength of composite materials, the solution adopted by the scien-

tific community was to increase the fiber-to-matrix adhesion by treating the reinforcing 

elements with various chemical substances, such as Al2O3, KOH, NaOH, or silane cou-

pling agents. Figure 9 highlights the degradation mechanisms generated by hygrothermal 

aging within the composite material structure. Fiber swelling determines cell-wall peel-

off, while matrix swelling causes interfacial debonding, microcracks propagation, delam-

ination, and void formation induced by absorbed water evaporation. 
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Figure 9. Degradation mechanisms in vegetable fibers/polymeric matrix composite materials caused 

by hygrothermal aging; the symbol ‘↓‘ indicates a decrease (Flat emoji icons from [36]). 

5.3. Effects of the Parameters Related to Manufacturing Process and Vegetable Fiber (Flax, 

Hemp, and Jute) Reinforced Configuration, on the Impact Behavior of Vegetable Fibers  

Reinforced Composites 

Parameters related to the manufacturing process, such as the stacking sequence or 

the reinforcing elements weight fraction, affect the impact behavior of vegetable fibers 

reinforced laminated composites. Either by hybridizing the vegetable fibers laminas with 

another type of natural reinforcements or with synthetic fibers, or by simply alternating 

the orientation angles of the lignocellulosic fibers laminas within the laminate stacking 

sequence, the impact strength of the material can be customized to meet the in-service 

requirements. 

Numerous studies regarding the effects of alternating the stacking sequence of flax 

fabrics within the laminated composite materials were performed when subjected to im-

pact loading. An interesting and extensive study was conducted by S. El Khoury Rouphael 

et al. [134] who tested unidirectional and cross-ply flax fibers reinforced composite mate-

rials under impact loading. The noteworthy section of their study implied the combina-

tion of unidirectional flax fiber-reinforced lamina with a mat binder consisting of two 

types of short flax fibers, conventional and fibrillated. All samples were tested at four dif-

ferent impact energies (3 J, 5 J, 8 J, and 11 J), and the key findings demonstrated that, for 

the unidirectional laminated composites, the absorbed energy has low values for the first 

two impact energies and an increasing trend for the last two energy values compared with 

the cross-ply composite materials. Another observation was related to the shape of the 

cracks formed within each of the materials analyzed. Thus, the unidirectional flax lami-

nates exhibited longitudinal and transverse cracks, while for cross-ply flax laminates, the 

damage had a butterfly shape. 

S. R. M. Rajendran et al. [135] studied the effects of hybridizing flax fibers with carbon 

fibers when creating laminated composites aimed to be tested under impact loading. From 

their study, only the average results corresponding to ±45° biaxially oriented woven flax-

reinforced vinyl ester polymer material were extracted. Key findings showed that the ab-

sorbed energy of pure flax fiber-reinforced composite material had a value of 44.76 J, 

which is higher than the value of 33.52 J corresponding to the carbon hybridized configu-
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ration. Moreover, the rebound energy measured for the flax-reinforced polymer was only 

0.91 J compared to the value corresponding to the carbon hybridized version of 12.67 J. 

The textile structure influences the impact behavior of vegetable fiber woven fabrics. 

A. Alipour and K. Jayaraman [136] assessed the mechanisms of damage development in 

three different types of flax fabric (unidirectional, fine weave, and coarse weave) rein-

forced composites. The outcomes revealed that the fine twill weave has more unreinforced 

spots within the lamina; thus, the composite material subjected to impact loading dissi-

pates a lower amount of energy compared to the coarse weave. The higher diameter fiber 

bundles, corresponding to the latter fabric, enable higher levels of energy absorption 

within the material. 

R. S. Ramam and K. T. Padal [137] investigated the effects of both flax and hemp 

vegetable fiber lay-up sequences within the laminated composite materials subjected to 

impact loading. The authors studied the effects of lamina orientation angles (0°, 15°, 30°, 

and 45°) and their outcomes emphasized that the energy absorption trend was similar for 

both flax- and hemp-reinforced samples. However, the material containing hemp fibers 

showed slightly higher absorbed energy compared to the composites reinforced with flax 

fibers. Pursuing a similar research path, A. Vinod et al. [138] investigated the effects of the 

stacking sequence of the composite materials reinforced with jute and hemp fibers. The 

authors studied each type of pure fiber-reinforced polymer, as well as their hybridized 

categories. For Section 5.3, only the material containing pure hemp fiber or jute fiber rein-

forcement type presented interest. The key findings emphasized that the jute-reinforced 

composite material has the absorbed energy value of 6 J, which is higher than the value of 

2.5 J corresponding to the hemp-reinforced epoxy material. 

M. K. Singh and S. Zafar [139] performed a similar experimental analysis using a 

composite material containing three jute fiber laminas having the same orientation angle 

as those in the previously mentioned work [138], but the matrix was High-Density Poly-

ethylene (HDPE). Their result regarding the impact behavior was emphasized by the im-

pact strength value of 21.1 kJ/m2. Table 14 presents results extracted from the scientific 

literature regarding the effects of parameters related to the manufacturing process on the 

impact performance of vegetable fibers (flax, hemp, and jute) reinforced polymers. 

Table 14. Influence of fiber type, matrix type, thickness, and stacking sequence on the impact per-

formance of vegetable fiber reinforced composites. 

Composite 

Configuration 

Thickness 

[mm] 
Stacking Sequence 

Energy  Impact 

Strength 

[kJ/m2] 

Ref. Impacted 

[J] 

Absorbed 

[J] 

Flax reinforced composites 

Flax *, EP ** 4.25 [0°/0°/0°/0°/0°/0°/0°/0°] 3.00 2.00 

- [134] 
Flax *, EP ** 4.36 [0°/90°/0°/90°/90°/0°/90°/0°] 3.00 2.20 

Flax *, EP ** 4.25 [0°/0°/0°/0°/0°/0°/0°/0°] 11.00 10.00 

Flax *, EP ** 4.36 [0°/90°/0°/90°/90°/0°/90°/0°] 11.00 9.80 

Flax, VE ** - [+45°/−45°/+45°/−45°/+45°/−45°/+45°] 50.00 44.76 - [135] 

Impact method: Drop weight test system 

Flax, EP ** - [0°]–no. of laminas is not specified - ~4.00 

- [137] 
Flax, EP ** - [15°]–no. of laminas is not specified - ~2.00 

Flax, EP ** - [30°]–no. of laminas is not specified - ~3.00 

Flax, EP ** - [45°]–no. of laminas is not specified - ~1.00 

Impact method: Izod test 

Hemp reinforced composites 

Hemp, EP ** - [0°]–no. of laminas is not specified - ~5.00 
- [137] 

Hemp, EP ** - [15°]–no. of laminas is not specified - ~3.20 
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Hemp, EP ** - [30°]–no. of laminas is not specified - ~4.00 

Hemp, EP ** - [45°]–no. of laminas is not specified - ~2.20 

Impact method: Izod test 

Hemp, EP** - [0°/0°/0°] - ~2.50 - [138] 

Jute reinforced composites 

Jute, EP ** - [0°/0°/0°] - ~6.00 - [138] 

Jute, HDPE * 6.70 [0°/0°/0°] - - 21.10 [139] 

Impact method: Izod test 

* Flax fiber corresponding to the results presented in this table is normal, not fibrillated. ** EP = 

Epoxy, VE = Vinyl Ester, HDPE = High-Density Polyethylene. 

It can be concluded that the stacking sequence, vegetable fiber texture in terms of 

weave fineness, and the hybridization of unidirectional fiber laminas with mat laminas 

affect the impact energy absorption capability of the vegetable fiber-reinforced composite 

materials. It was demonstrated that a composite material having laminas oriented at 0° 

absorbed more impact energy than the laminated composites with layers oriented at 15°, 

30°, and 45°. This remark contradicts the conclusion extracted from the study performed 

by V. Alagumalai et al. [47], which highlights that composites reinforced with Kevlar fiber 

having the orientation 45° result in an energy absorption capacity higher than composites 

having laminas oriented at 0° and 60°. It can be noted that the impact behavior of natural 

fibers reinforced composites differs from that of the synthetic fibers reinforced polymers. 

6. Impact Behavior of the Polymer Composites Reinforced with  

Vegetable Fibers Hybridized with Kevlar or Glass Fibers 

6.1. Integration of the Vegetable Fibers into Hybrid Bio-Composite Materials: A  

Sustainable Perspective 

To diminish the unfavorable effects generated by the manufacturing of composite 

materials reinforced with synthetic fibers, such as Kevlar and glass fibers, the scientific 

and technological communities adopted a new perspective on the fabrication process of 

the advanced materials. The novel strategy concerns the pollution reduction in the man-

ufacturing process and the minimization of the resulting waste materials, emphasizing 

the sustainability of a more complex type of composite laminates, namely hybrid bio-com-

posite materials. 

The necessity of integrating sustainable materials into engineering structures repre-

sents the origin of the efforts conducted by composites designers and researchers, in ac-

cordance with the current trend toward the use of raw materials from renewable sources. 

The scientific community that operates within the field of civil engineering, especially in 

advanced materials science, is consistently and continuously exploring the alternatives 

that can demonstrate similar or improved performance compared to conventional mate-

rials, but with a low-carbon footprint. Composite materials incorporating vegetable fibers 

have become an attractive substitute solution not only for metallic materials, but also for 

concrete and steel structures [26]. Incorporating vegetable fibers into environmentally 

friendly materials promotes the reduction in the negative effects generated by the produc-

tion and use of synthetic fibers. The use of panels made of conventional or hybrid config-

uration bio-composite laminates or in the form of a sandwich structure, whether they are 

flat or curved panels, allows for weight reduction while maintaining remarkable mechan-

ical properties and their fail-safe nature, in this way avoiding oversizing the structure 

aimed to withstand dynamic loads [140]. Analysis addressing simple and multiple impact 

behavior of bio-composite panels must be performed in order to assess their performance 

under a set of established conditions, such as the environment and the loads imposed by 
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their integration into helipad structures, helicopter structural parts or into civil applica-

tions, namely protective military shelters or roofing panels. 

Figure 10 presents two examples of possible applications of flat bio-composite panels, 

including face sheets for sandwich panels with a corrugated core or with a solid core, not 

only cellular ones, that can be used in the fabrication of civil construction structures. Ur-

sache S. et al. [141] studied the effects of rubber core insertion on the low-velocity impact 

behavior of carbon-aramid reinforced composite materials. One of the main conclusions 

of their study emphasizes the delayed energy absorption recorded for the sandwich com-

posite materials compared to the laminated composite specimens reinforced only with 

hybrid carbon-Kevlar fabric. 

A possible application of curved bio-composite panels is the nose skin of a helicopter. 

The concept of embedding bio-based composite materials into the helicopter structure 

was embraced by the Airbus company [142]. Nevertheless, it must be noted that there 

exists the possibility of extrapolating the vegetable fiber types that can serve as reinforce-

ment for bio-composite parts used in aeronautical structures. Inserting Kevlar laminates 

alongside vegetable reinforcement consistently increases the impact strength of the com-

posite laminates. 

 

Figure 10. Suggestive applications of bio-composite laminates: (a) face sheets for sandwich panels 

with corrugated core; (b) face sheets for sandwich panels with full core. 

6.2. Impact Performance of Kevlar Fibers Hybridized with Vegetable Fibers in Bio-Composites 

Extensive research was performed on Kevlar hybridized with vegetable fibers rein-

forced polymers to assess their potential to meet the requirements imposed by applica-

tions subjected to out-of-plane impact loading. Hemp, flax, sisal, or jute fibers represent a 

few types of natural-origin reinforcement used as hybridization elements in the fabrica-

tion process of bio-composite materials. Experimental investigations of their impact per-

formance are sometimes performed with the addition of various types of natural fillers, 

such as crab powder, palm shell, and coconut shell powder. 

The study performed by H. Madhusudhana Reddy et al. [143] addressed the investi-

gation of the hybridization effect of Kevlar with hemp and carbon fibers on the impact 

strength. The main results obtained for the two specimens analyzed showed that the ab-

sorbed energy for the sample with a 3 mm thickness was 12.5 J and for the one with a 5 

mm thickness was 15.8 J. A. S. Ismail [144] approached the idea of evaluating the high-

velocity impact strength of the interwoven carbon and Kevlar (CK) fibers hybridized with 

flax fibers reinforced epoxy containing bio-phenolic resin. The results emphasized that the 

composite material containing 25% flax fiber and 75% CK exhibited a reduction of 5.50% 

in the absorbed energy value compared to the neat CK-reinforced laminate. The same au-
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thor conducted another study following a similar investigation direction, whose outcomes 

revealed a slightly different conclusion. For a specimen thickness of 3 mm, compared to 

the 6 mm value used in the previous study, the mixing ratio of 25:75 of flax to CK fibers 

demonstrated a 16.05% increase in the impact strength compared to the neat CK-rein-

forced composite materials [145]. 

B. A. Nagendram et al. [146] analyzed the impact performance of the composite lam-

inates reinforced with Kevlar and hemp fibers. The addition of crab powder to the epoxy 

matrix is a distinctive element of their study. The analysis findings demonstrated that the 

sample with hemp laminas oriented at 60° absorbed the highest amount of energy under 

impact, namely 8.66 J, compared to the specimens including hemp laminas oriented at 45°, 

which showed the lowest value of the absorbed energy, 2.66 J. Pursuing the same research 

path, P. A. Thakare et al. [147] analyzed the impact behavior of Kevlar hybridized with 

both hemp and flax fibers to reinforce the epoxy matrix. The study outcomes revealed that 

for the four impact energies analyzed, namely 6 J, 12 J, 18 J, and 24 J, the corresponding 

residual energies were 1.42 J, 6.64 J, 8.80 J, and 15.40 J. Considering that the impact energy 

represents the summation of the absorbed energy and the residual energy, then the com-

puted absorbed energy values for all impact energy levels were 4.58 J, 5.36 J, 9.20 J, and 

8.60 J. 

An interesting study was performed by S. P. Jani et al. The authors evaluated the 

influence of coconut and palm powders on the impact behavior of the Kevlar- and hemp-

reinforced epoxy matrix. The primary conclusion emphasizes that adding natural powder 

to the polymeric matrix constitutes a benefit until a threshold content. In their study, when 

the filler content exceeded 5 wt.%, the impact strength of the samples exhibited a sharp 

decrease because of the insufficient resin quantity needed to impregnate the laminas [148]. 

Apart from hemp fibers, studies including jute fibers together with Kevlar as the re-

inforcing phase were performed. Gurusamy et al. [149] assessed the impact performance 

of Kevlar hybridized with jute fibers to reinforce the epoxy resin containing four different 

proportions of silica nanoparticles, which are intended to improve the mechanical and 

thermal properties. Two stacking sequences were studied, each of them including seven 

layers of alternating Kevlar and jute fibers. The outcomes revealed that the specimens 

consisting of Kevlar laminas oriented at 0° and jute layers oriented at 90° demonstrated 

better performance than the samples with the jute fibers oriented at 45°. Table 15 presents 

a few summarized results extracted from the studies presented above. 

Table 15. Impact performance of polymer composites reinforced with Kevlar fibers hybridized with 

vegetable fibers. 

Vegetable  

Fiber * 
Matrix 

Nanofiller ** 

[wt.%] 

Impact En-

ergy [J] 

Impact  

Velocity [m/s] 

Absorbed En-

ergy [J] 
Ref. 

Low-velocity impact 

[K/H/K/H/K] 

Epoxy 65.0 wt.% CP 2.5 - 

6.00 

3.52 

[148] Epoxy 62.5 wt.% CP 5 - 3.65 

Epoxy 60.0 wt.% CP 7.5 - 2.70 

Impact method: Charpy pendulum test equipment 

[K/F/H/H/F/K] Epoxy 

- 6.00 - 4.58 

[147] 
- 12.00 - 5.36 

- 18.00 - 9.20 

- 24.00 - 8.60 

Impact method: Drop weight test system 

[K0°/J90°/K0°/J90°/K0°/

J90°/K0°] 
Epoxy - - 3.50 75.66 [149] 
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[K0°/J45°/K0°/J45°/K0°/

J45°/K0°] 
- - 3.50 68.52 

Impact method: Charpy pendulum test equipment 

Sub-ballistic impact 

[CK/F/F/F/F]s 

Bio-phenolic/ 

Epoxy 

- 274.82 331.55 137.35 

[144] 

[CK/CK/F/F/F/F/ 

F/CK/CK] 
- 310.69 352.52 139.63 

[CK/CK/CK/F/F/F/ 

CK/CK/CK] 
- 294.51 343.22 142.55 

Impact method: single-stage gun setup 

* K = Kevlar; H = Hemp; F = Flax; J = Jute; CK = Carbon and Kevlar fabric. ** CP = Coconut and Palm 

powder. 

The effects of the incorporation of vegetable fibers into Kevlar-reinforced polymers, 

regarding the impact performance, are reflected in the energy absorption capacity of the 

material. Increasing the content of vegetable fibers until a threshold value leads to an im-

provement in the absorbed energy value. However, in most studied cases, a decrease in 

the impact strength is observed. This behavior is caused by the lower values of the me-

chanical properties of vegetable fibers compared to those corresponding to Kevlar fibers. 

6.3. Impact Performance of the Glass Fibers Hybridized with Vegetable Fibers in Bio-Composites 

Consistent research was performed on composite materials reinforced with a hybrid 

reinforcement configuration consisting of glass fibers and various types of vegetable fi-

bers. Besides water absorption, thermal behavior, and mechanical properties, the impact 

performance of bio-composite laminates reinforced with glass and vegetable fibers gener-

ates increased interest within the research community. 

T. Ozier et al. [150] highlighted in their study that adding partial bio-based content, 

represented by jute fibers, to glass fiber reinforced polypropylene leads to impact strength 

values which are close to those of Acrylonitrile-Butadiene-Styrene (ABS) and Acryloni-

trile-Styrene-Acrylate (ASA). Their findings encourage the utilization of environmentally 

friendly materials as a substitute for the conventional composite materials used for man-

ufacturing non-structural components in automotive applications. Various studies aimed 

at investigating the effect of the jute lamina position within the stacking sequence, the 

effect of wrapping jute fiber around a glass fiber core, or the influence of various chemical 

treatments, such as potassium hydroxide (KOH) and graphene oxide (GO), on the impact 

performance of the hybrid composite materials reinforced with glass and jute fibers were 

performed. Experimental results demonstrated that positioning the glass fiber laminas on 

the top and bottom surfaces of the laminate ensures better energy absorption than the 

specimens having jute laminas as the extreme layers [151–153]. V. S. Chinta et al. [154] 

investigated the effect of inserting one single layer of jute fabric at five different positions 

into the 14-laminas stacking sequence of a fan blade manufactured from glass fibers rein-

forced epoxy matrix. Compared to the original layup sequence, the experimental results 

showed that inserting one jute lamina in the eighth position led to a small reduction of 

3.1% in the absorbed energy of the composite material. 

An interesting study was performed by M. Islam et al. [155] regarding the effects of 

wrapping graphene oxide-modified jute fiber around a core of glass fiber on the impact 

performance of the composite materials obtained by inserting the novel hybrid fibers into 

an epoxy resin. The outcomes emphasized the significant contribution of the graphene 

coating to the enhancement of the adhesion between fibers and the matrix, leading to a 

specimen that demonstrated the highest impact strength of 85.56 kJ/m2. Following a sim-

ilar research path, S. Ullah et al. [156] used potassium hydroxide to increase the bonding 
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between the hybrid jute and glass fiber reinforcement and the epoxy matrix. The authors 

reported that KOH treatment removes non-cellulosic components, such as lignin and pec-

tin, leading to improved adhesion between fibers and the matrix. 

Flax fibers are also used as a hybridization element in recent studies, where energy 

absorption during low-velocity impact of bio-composites is analyzed. Waste glass fibers 

represent a performant tool to improve the impact performance of the flax composite lam-

inates. Therefore, placing them within the structure of the material leads to a composite 

with higher impact strength, while maintaining its status as an environmentally friendly 

material [157]. 

T. Akshat et al. [158] performed both experimental and numerical investigations re-

garding the effects of combining flax fibers with glass fibers in four different stacking se-

quences. The main results revealed that increasing the number of glass fabric laminas en-

hances the mechanical performance, including energy absorption, of the composite lami-

nates. Table 16 summarizes the main results discussed above regarding the effects of hy-

bridization with glass fibers on the impact performance of vegetable fiber-reinforced com-

posite materials. 

Temperature also influences the impact performance of the glass fibers and flax fibers 

reinforced composite materials. M. A. M. Ahamed et al. [159] proved that at a temperature 

value of −10 °C, the composite with layers reinforced with flax fibers hybridized with glass 

fibers, positioned on the external surfaces, achieved the highest impact energy absorption 

level. 

Table 16. Impact performance of polymer composites reinforced with glass fibers hybridized with 

vegetable fibers. 

Vegetable Fiber * Matrix * 

Impact En-

ergy 

[J] 

Impact Veloc-

ity 

[m/s] 

Energy Peak 

[J] 

Impact 

Strength 

[kJ/m2] 

Ref. 

Glass-jute hybrid composites 

J20 wt.%, G0 wt.% PP 5.00 - - 25.41 

[150] 
J15 wt.%, G5 wt.% PP 5.00 - - 38.02 

J10 wt.%, G10 wt.% PP 5.00 - - 42.79 

J5 wt.%, G15 wt.% PP 5.00 - - 53.34 

Impact method: Charpy pendulum test equipment 

[J/J/G/J/J] PBS - 5.50 - 43.00 

[151] 

[J/G/J/G/J] PBS - 5.50 - 54.00 

[G/J/J/J/G] PBS - 5.50 - 57.00 

[G/J/G/J/G] PBS - 5.50 - 65.00 

[J/G/G/G/J] PBS - 5.50 - 63.00 

[G/G/J/G/G] PBS - 5.50 - 70.50 

Impact method: Izod test 

Core Glass fiber wrapped by jute fiber EP - 3.46 - 65.35 

[155] GO-treated core glass fiber wrapped 

by jute fiber 
EP - 3.46 - 85.56 

Impact method: Izod test 

[J0°/G90°/J90°/G0°] EP 5.00 - - 25.99 
[156] 

KOH treated [J0°/G90°/J90°/G0°] EP 5.00 - - 27.80 

Impact method: Charpy pendulum test equipment 

Glass-flax hybrid composites 

[F/F/F/G/F/F/F/F] EP 50.00 4.25 3.558 - 

[157] [F/F/F/G/G/F/F/F] EP 50.00 4.25 4.322 - 

[F/G/F/F/F/F/G/F] EP 50.00 4.25 7.103 - 
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[F/F/G/G/G/G/F/F] EP 50.00 4.25 9.024 - 

Impact method: Drop weight test system 

* J = Jute; F = Flax; G = Glass; C = Carbon; GO = Graphene Oxide; EP = Epoxy; PP = Polypropylene; 

PBS = Polybutylene Succinate. 

The solution adopted by incorporating lignocellulosic fibers into glass fiber rein-

forced polymer materials endorses the exploitation of the benefits conferred by natural 

origin reinforcing elements. Renewable resources represent a key component in defining 

a development path for engineering structures capable of withstanding mechanical loads 

and sustaining a sustainable future initiative. 

7. Conclusions and Future Perspective 

The primary purpose of this paper was to emphasize and centralize the results ex-

tracted from recent research studies regarding the performance of the composite materials 

reinforced with two categories of synthetic fibers, namely Kevlar and glass fibers, sub-

jected to impact loading. It is noted that there were numerous studies that were oriented 

toward the analysis of the composite materials’ response under multiple mechanical load-

ing conditions, such as axial loading, flexural loading, or vibrations, not only under im-

pact loading. Thus, it was considered useful to provide a review dedicated exclusively to 

assessing the impact performance of the composite laminates reinforced with Kevlar and 

glass fibers in order to create a framework that is easy to visualize and interpret, summa-

rizing the corresponding results. Before evaluating the influence of the various parameters 

(such as stacking sequence, fabric type, temperature, UV radiation, hygrothermal aging, 

and nose shape of the impactor) on the impact behavior of the composite materials rein-

forced either with Kevlar or glass fibers, a mathematical perspective describing the theo-

retical basis of the impact between bodies was approached. The impact performance of 

three types of vegetable fibers (i.e., flax, hemp, and jute) was also synthesized to highlight 

their behavior under humid environment conditions and the influence of both stacking 

sequence and fabric type on the impact energy absorption capacity. 

Finally, the impact performance of the composite materials reinforced with vegetable 

fibers hybridized with Kevlar or glass fibers was presented to emphasize the impressive 

capability of renewable resources to be integrated into engineering applications. Based on 

the scientific literature analyzed, the following conclusions are highlighted: 

• Considering the results shown in the references mentioned, it is noted that for the 

composite materials reinforced with Kevlar fabrics, subjected to low-velocity impact, 

the absorbed energy was in the range of 4.26–5.64 J, while this quantity was about 

9.0–13.2 J for the composites reinforced with glass fabric, depending on the internal 

parameters of the impacted plates (matrix type, thickness, density of fabrics, number 

of layers). It was also remarked that the absorbed energy was lower, about 1.0–1.9 J, 

for composites reinforced with fabrics made of vegetable fibers (flax, jute, and hemp), 

leading to the hybridization of these kinds of fibers with Kevlar or glass fibers for the 

improvement of the energy absorption. 

• For composite laminates reinforced with both categories of fibers, Kevlar and glass 

fibers, it was concluded that the energy absorption capacity is improved in the fol-

lowing ways: utilization of woven fabrics rather than unidirectional laminas; stack-

ing sequence containing layers oriented at +45° or −45°, not just at 0° and 90° orienta-

tions. 

• For composite laminates reinforced with vegetable fibers, the studies concluded that 

composite materials having laminas oriented at 0° absorb a higher amount of impact 

energy than the laminated composites with layers oriented at 15°, 30°, or 45°. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 36 of 44 
 

https://doi.org/10.3390/polym18151837 

• Temperature variations, as well as the exposure time at a temperature of 60 °C (lim-

ited by the service temperature of the resin), affect the impact behavior of the Kevlar 

and glass fiber-reinforced polymers. It was observed that the impact energy generally 

decreased, while the maximum displacement increased during the impact test after 

aging of those materials at 60 °C. A low-temperature environment causes matrix em-

brittlement, while high temperature generates an increase in matrix ductility. 

• Laminated composites reinforced with vegetable fibers are prone to water absorption 

due to the hydrophilic nature of the chemical components contained in their struc-

ture. This behavior affects the impact strength of the materials reinforced with ligno-

cellulosic fiber. To overcome this issue, various chemical substances (SiO2, Al2O3, 

TiO2, and ZnO) are used to increase the adhesion between fibers and the matrix. After 

immersion for 3 months in water with a salinity of 7.8‰, the impact strength of the 

hemp/polyester composite increased by about 22–68%, depending on the number of 

hemp layers. 

• UV radiation has a negative influence on the impact behavior of the Kevlar-rein-

forced composite laminates. After 168 h of exposure to UV radiation, the absorbed 

energy of the Kevlar/epoxy composite decreased by 60%. Performing fiber treatments 

represents a common practice for increasing the UV resistance of such composite ma-

terials. After the addition of shear thickening fluid (STF), SiO2 and TiO2, the absorbed 

energy of the Kevlar/epoxy composite, aged under UV radiation for 168 h, increased 

from 5 J to 14–16 J (depending on the quantity of each component), compared to the 

neat Kevlar-reinforced material. 

• Hygrothermal aging of the glass fibers-reinforced composite laminates affects both 

appearance and internal structure of the material. After immersion for 1200 h at 60 

°C in seawater, the absorbed energy of the glass fiber-reinforced composite decreased 

by 32% with respect to the value corresponding to the dry specimens. 

• From a sustainable perspective, hybridizing Kevlar and glass fibers with vegetable 

reinforcements and applying fiber surface treatments to improve adhesion with the 

polymeric matrix offer the opportunity to partially substitute layers reinforced with 

conventional fibers with those reinforced with environmentally friendly fibers, main-

taining a similar energy absorption capacity during the impact loading. 

Most of the data reviewed in this paper are extracted from analyses performed on 

composite materials subjected to single impact loading. Moreover, considering the in-

creasing interest at the global level for novel materials containing reinforcement fibers, 

originating from renewable sources, such as vegetable fibers, upcoming analysis, either 

experimental or numerical, should focus on the analysis of bio-composite materials sub-

jected to multiple impacts. Two categories of multiple impacts can be distinguished, 

namely repeated impacts occurring in the same location or impacts with a larger number 

of impactors striking simultaneously at distinct, close locations. Within the second cate-

gory, the effect of the nose shape geometry of each impactor on the energy absorption 

capability could represent an interesting research direction for future research. 

Author Contributions: Conceptualization, M.M.; validation, A.H. and C.C.; writing—original draft 

preparation, M.M. and C.C.; writing—review and editing, A.H., C.C. and M.M.; visualization, M.M.; 

supervision, A.H. and C.C. All authors have read and agreed to the published version of the man-

uscript. 

Funding: The article publishing charges were funded by National University of Science and Tech-

nology Politehnica Bucharest and by Transilvania University of Brașov. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 

not applicable to this article. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 37 of 44 
 

https://doi.org/10.3390/polym18151837 

Acknowledgments: The authors acknowledge the financial support of National University of Sci-

ence and Technology Politehnica Bucharest and Transilvania University of Brașov for covering the 

article publication fees. 

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

References 

1. Nijssen, R.P.L. Composite Materials: An Introduction; Inholland University of Applied Sciences: Haarlem, The Netherlands, 2015; 

pp. 13–30. 

2. Zara, A.; Belaidi, I.; Fahem, N.; Aribi, C.; Oulad Brahim, A.; Magagnini, E.; Khatir, A. Numerical investigation the influence of 

layers number and their orientation in a CFRP using improved ANN. HCMCOUJS Adv. Comput. Struct. 2024, 14, 20–32. 

https://doi.org/10.46223/HCMCOUJS.acs.en.14.1.46.2024. 

3. Hamzat, A.K.; Murad, M.S.; Adediran, I.A.; Asmatulu, E.; Asmatulu, R. Fiber-reinforced composites for aerospace, energy, and 

marine applications: An insight into failure mechanisms under chemical, thermal, oxidative, and mechanical load conditions. 

Adv. Compos. Hybrid Mater. 2025, 8, 152. https://doi.org/10.1007/s42114-024-01192-y. 

4. Beatty, D.N.; Gearhart, J.J.; Readdy, F.; Duchatellier, R. The Study of Foreign Object Damage Caused by Aircraft Operations on Un-

conventional and Bombdamaged Airfield Surfaces; Report No. ADA117587 (ESL-TR-81-39);The BDM Corporation: McLean, VA, 

USA, 1981; pp. 11–65. 

5. Department of the Air Force. DAFI 21–101 Aircraft and Equipment Maintenance Management; Department of the Air Force: Wash-

ington, DC, USA, 2025. 

6. Ciavaldini, P. Composite Stress Manual; MTS 006, Issue B; Aérospatiale: Paris, France, 1999; pp. 160–163. 

7. Khashaba, U.A. Failure analysis of angle-ply thin woven GFRP composites under low-velocity impact and low-temperature. 

Polym. Compos. 2025, 46, 11868–11889. https://doi.org/10.1002/pc.29716. 

8. Fernandes, O.; Dutta, J.; Pai, Y. Effect of various factors and hygrothermal ageing environment on the low velocity impact 

response of fibre reinforced polymer composites—A comprehensive review. Cogent Eng. 2023, 10, 2247228. 

https://doi.org/10.1080/23311916.2023.2247228. 

9. Kinsella, M.; Murray, D.; Crane, D.; Mancinelli, J.; Kranjc, M. Mechanical properties of polymeric composites reinforced with 

high strength glass fibers. In Proceedings of the 33rd International SAMPE Technical Conference—Advancing Affordable Ma-

terials Technology, Seattle, WA, USA, 5–8 November 2001. 

10. Morăraș, C.I.; Goanță, V.; Husaru, D.; Istrate, B.; Bârsănescu, P.D.; Munteanu, C. Analysis of the Effect of Fiber Orientation on 

Mechanical and Elastic Characteristics at Axial Stresses of GFRP Used in Wind Turbine Blades. Polymers 2023, 15, 861. 

https://doi.org/10.3390/polym15040861. 

11. Axinte, A.; Ungureanu, D.; Țăranu, N.; Bejan, L.; Isopescu, D.N.; Lupășteanu, R.; Hudișteanu, I.; Roșca, V.E. Influence of Woven-

Fabric Type on the Efficiency of Fabric-Reinforced Polymer Composites. Materials 2022, 15, 3165. 

https://doi.org/10.3390/ma15093165. 

12. Kim, J.K.; Leung, L.M.; Lee, S.W.R.; Hirai, Y. Impact Performance of a Woven Fabric CFRP Laminate. Polym. Polym. Compos. 

1996, 4, 549–561. https://doi.org/10.1177/096739119600400803. 

13. Chowdhury, I.R.; Summerscales, J. Woven Fabrics for Composite Reinforcement: A Review. J. Compos. Sci. 2024, 8, 280. 

https://doi.org/10.3390/jcs8070280. 

14. Cerbu, C.; Ursache, S.; Botis, M.F.; Hadăr, A. Simulation of the Hybrid Carbon-Aramid Composite Materials Based on Mechan-

ical Characterization by Digital Image Correlation Method. Polymers 2021, 13, 4184. https://doi.org/10.3390/polym13234184. 

15. Palomera, D.F.L.; Abreu, M.E.F.; Rivera, J.L.V.; Fernández, M.V.; de Amorim, W.F., Jr.; Diaz, F.R.V.; Molina, D.A.A.; Jofre, 

P.E.M.; Ketterer, C.I.G. Analysis of the Ballistic Effectiveness of the Hybrid Composite of Polyurethane and Kevlar 29 with 

Different Grammages. Polymers 2025, 17, 372. https://doi.org/10.3390/polym17030372. 

16. Xu, X.; Guo, Y.; Shen, Z.; Liu, B.; Yan, F.; Zhong, N. Aramid Fiber-Reinforced Plastics (AFRPs) in Aerospace: A Review of Recent 

Advancements and Future Perspectives. Polymers 2025, 17, 2254. https://doi.org/10.3390/polym17162254. 

17. Flores, P.; Ambrósio, J.; Pimenta Claro, J.C.; Lankarani, H.M. Contact-impact force models for mechanical systems. In Kinematics 

and Dynamics of Multibody Systems with Imperfect Joints; Pfeiffer, F., Wriggers, P., Eds.; Lecture Notes in Applied and Computa-

tional Mechanics; Springer: Berlin/Heidelberg, Germany, 2008; Volume 34, pp. 47–66. https://doi.org/10.1007/978-3-540-74361-

3_3. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 38 of 44 
 

https://doi.org/10.3390/polym18151837 

18. Flores, P. Contact Mechanics for Multibody Dynamics. In Proceedings of the 5th Joint International Conference on Multibody 

System Dynamics, Lisbon, Portugal, 24–28 June 2018. 

19. Meriam, J.L.; Kraige, L.G. Engineering Mechanics: Dynamics, 7th ed.; John Wiley & Sons: Hoboken, NJ, USA, 2012; pp. 217–220. 

20. Li, T.; Li, R.; Chi, Z.; Zhang, Y.; Yang, H. Experimental Study on Coefficient of Restitution of Small-Sized Spherical Particles 

during Low-Speed Impact. Condens. Matter 2024, 9, 18. https://doi.org/10.3390/condmat9010018. 

21. Moholea, I.F. Determination and analysis of the coefficient of restitution in the case of some mechanical systems. Acta Tech. 

Napoc.-Ser. Appl. Math. Mech. Eng. 2022, 65, 4. 

22. Voiculescu, D.; Ceauşu, V. Elasticitate şi Plasticitate; Institutul Politehnic Bucureşti: Bucharest, Romania, 1976; Volume 2, pp. 

295–297. 

23. Flores, P.; Lankarani, H.M. Contact Force Models for Multibody Dynamics; Springer Nature: Cham, Switzerland, 2016; pp. 1–50. 

https://doi.org/10.1007/978-3-319-30897-5. 

24. Corral, E.; Moreno, R.G.; Garcia, M.J.G.; Castejón, C. Nonlinear phenomena of contact in multibody systems dynamics: A re-

view. Nonlinear Dyn. 2021, 104, 1269–1295. https://doi.org/10.1007/s11071-021-06344-z. 

25. Glocker, C. Formulation of spatial contact situations in rigid multibody systems. Comput. Methods Appl. Mech. Eng. 1999, 177, 

199–214. https://doi.org/10.1016/S0045-7825(98)00381-8. 

26. Jassal, M.; Ghosh, S. Aramid fibres—An overview. Indian J. Fibre Text. Tes. 2002, 27, 290–306. 

27. Ursache, Ș.; Cerbu, C.; Hadăr, A. Characteristics of Carbon and Kevlar Fibres, Their Composites and Structural Applications in 

Civil Engineering—A Review. Polymers 2024, 16, 127. https://doi.org/10.3390/polym16010127. 

28. Vankudre, H.V.; Patil, P.B.; Jangam, S.A. A Review on Structural Investigation and Experimental Behavior of Kevlar Fiber. Int. 

J. Eng. Res. Technol. 2021, 9, 752–757. Available online: https://www.ijert.org/a-review-on-structural-investigation-and-experi-

mental-behavior-of-kevlar-fiber (accessed on 23 July 2026). 

29. Abbott, N.J.; Donovan, J.G.; Schoppee, M.M.; Skelton, J. Some Mechanical Properties of Kevlar and Other Heat Resistant, Nonflam-

mable Fibers, Yarns and Fabrics; Fabric Research Laboratories Report AFML-TR-74-65, Part III; Fabric Research Laboratories: Ded-

ham, MA, USA, 1975. 

30. Mohi ud din, F. Experimental investigation on mechanical properties of Kevlar fibre. Int. Res. J. Eng. Technol. 2017, 4, 3466–3473. 

31. Yeung, K.K.H.; Rao, K.P. Mechanical Properties of Kevlar-49 Fibre Reinforced Thermoplastic Composites. Polym. Polym. Compos. 

2012, 20, 411–424. https://doi.org/10.1177/096739111202000501. 

32. Veeturi, U.; Pramanick, R.; Jadhav, R.; Verma, S.K.; Kumar, P.D. Degradation and failure mechanisms in Kevlar armor: A study 

on ultraviolet exposure and multi-impact loading. J. Text. Inst. 2025, 117, 8–23. https://doi.org/10.1080/00405000.2025.2497014. 

33. Joshua, J.; Singh, D.; Prathik, S.J.; Athimoolam, S.; Chethan, K.N. Vibration characteristics on interwoven Kevlar/basalt–epoxy 

composite laminate with and without infused aluminum oxide nanoparticles. Cogent Eng. 2025, 12, 2558757. 

https://doi.org/10.1080/23311916.2025.2558757. 

34. Manea, M.; Cerbu, C.; Hadăr, A. Progress and Constraints of Natural Fiber Reinforced Composites—A Review. In Proceedings 

of the 12th International Conference on Structural Analysis of Advanced Materials (ICSAAM 2025), Brașov, Romania, 15–18 

September 2025. 

35. Sapiai, N.; Jumahat, A.; Shamshulizam, N.A.; Chalid, M. Effect of Angle Orientation and Fibre Hybridization on Impact Behav-

iour of Glass, Basalt and Arenga Pinnata Composites. Int. Trans. J. Eng. Manag. Appl. Sci. Technol. 2022, 13, 13A13R. Available 

online: https://tuengr.com/A13/13A13/13A13R.html (accessed on 23 July 2026). 

36. FLATICON. Available online: https://www.flaticon.com/ (accessed on 24 February 2026). 

37. Arora, S.; Majumdar, A.; Butola, B.S. Soft armour design by angular stacking of shear thickening fluid impregnated high-per-

formance fabrics for quasi-isotropic ballistic response. Compos. Struct. 2020, 233, 111720. https://doi.org/10.1016/j.comp-

struct.2019.111720. 

38. Czech, K.; Oleksy, M. Effect of layer number, orientation, and weave type of aramid fabric on the impact penetration resistance 

of epoxy composites. Polimery 2025, 70, 449–454. https://doi.org/10.14314/polimery.2025.7.2. 

39. Yang, D.; Liu, S.; Zhang, W.; Liu, Q.; Yao, G.; Zhu, K. High-Velocity Impact Performance of Ballistic Fabric Using Core-Spun 

Compound Yarns. Polymers 2024, 16, 2973. https://doi.org/10.3390/polym16212973. 

40. Liu, Y.; Natsuki, T.; Suzuki, D.; Huang, C.; Cui, L.; Ni, Q.-Q. Low-velocity impact-resistance of aramid fiber three-dimensional 

woven textile-reinforced thermoplastic-epoxy composites. J. Thermoplast. Compos. Mater. 2023, 37, 2827–2857. 

https://doi.org/10.1177/08927057231216741. 

41. Razali, N.; Sultan, M.T.H.; Mustapha, F.; Yidris, N.; Ishak, M.R. Impact damage on composite structures—A review. Int. J. Eng. 

Sci. 2014, 3, 8–20. Available online: https://www.theijes.com/papers/v3-i7/Version-2/B037208020.pdf (accessed on 23 July 2026). 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 39 of 44 
 

https://doi.org/10.3390/polym18151837 

42. Stephen, C.; Shivamurthy, B.; Mourad, A.H.I.; Selvam, R.; Mohan, M. Experimental and finite element study on high-velocity 

impact resistance and energy absorption of hybrid and non-hybrid fabric reinforced polymer composites. J. Mater. Res. Technol. 

2022, 18, 5406–5418. https://doi.org/10.1016/j.jmrt.2022.05.007. 

43. Li, Z.Y.; Xue, Y.S.; Sun, B.Z.; Gu, B.H. Ballistic penetration damages of hybrid plain-woven laminates with carbon, Kevlar and 

UHMWPE fibers in different stacking sequences. Def. Technol. 2023, 26, 23–38. https://doi.org/10.1016/j.dt.2022.07.006. 

44. Czech, K.; Oleksy, M.; Oliwa, R.; Domańska, A. Hybrid polymer composites with enhanced energy absorption. Polimery 2022, 

67, 552–560. https://doi.org/10.14314/polimery.2022.11.2. 

45. Loganathan, S.B.; Swamy, D.; Lokesha, N.H.; Sharma, R.S. Influence of Kevlar on Impact Damage Assessment of Carbon Fiber 

Hybrid Composite Laminate. Mech. Adv. Compos. Struct. 2025, 12, 497–505. https://doi.org/10.22075/MACS.2024.34408.1685. 

46. Zhao, S.; Huang, J.; Zhang, C. The effect of target thickness on the ballistic behavior of hybrid CFRP/KFRP composites. In Pro-

ceedings of the 34th Congress of the International Council of the Aeronautical Sciences (ICAS 2024), Florence, Italy, 9–13 Sep-

tember 2024; pp. 4790–4805. 

47. Alagumalai, V.; Shanmugam, V.; Balasubramanian, N.K.; Krishnamoorthy, Y.; Ganesan, V.; Försth, M.; Sas, G.; Berto, F.; 

Chanda, A.; Das, O. Impact Response and Damage Tolerance of Hybrid Glass/Kevlar-Fibre Epoxy Structural Composites. Pol-

ymers 2021, 13, 2591. https://doi.org/10.3390/polym13162591. 

48. Rout, S.; Nayak, R.K.; Patnaik, S.C.; Nezhad, H.Y. Development of Improved Flexural and Impact Performance of Kevlar/Car-

bon/Glass Fibers Reinforced Polymer Hybrid Composites. J. Compos. Sci. 2022, 6, 245. https://doi.org/10.3390/jcs6090245. 

49. Balaji, R.; Kumar, P.D. Assessment of flexural properties and damage mechanisms of KFRP after repeated low-velocity impact 

using acoustic emission monitoring. Struct. Health Monit. 2025, 1–14. https://doi.org/10.1177/14759217251362145. 

50. Alexe, G.G.; Carp, G.B.; Tiganescu, T.V.; Buruiana, D.L. Enhancing the Performance of Materials in Ballistic Protection Using 

Coatings—A Review. Technologies 2026, 14, 13. https://doi.org/10.3390/technologies14010013. 

51. Shubbar, S.D.A.; Diwan, M.A.; Kadhim, A.A.; Diwan, A.A. Influence of Zinc Oxide and Titanium Dioxide Nanoparticles on 

Kevlar/Epoxy Composites. Rev. Compos. Mater. Av. 2023, 33, 165–173. https://doi.org/10.18280/rcma.330304. 

52. Roark, J.; Thomas, F.D.; Sockalingam, S.; Kempf, J.; Christy, D.; Haas, D.; O’Brien, D.J.; Senecal, K.J.; Crittenden, S.R. Experi-

mental Investigation of the Influence of Metallic Coatings on Yarn Pull-Out Behavior in Kevlar® Fabrics. Fibers 2023, 11, 7. 

https://doi.org/10.3390/fib11010007. 

53. Islam, M.A.; Chowdhury, M.A.; Kowser, M.A.; Ali, M.O.; Azad, K.; Ali, M.R. Enhancement of thermal properties of Kevlar 29 

coated by SiC and TiO2 nanoparticles and their binding energy analysis. Arab. J. Chem. 2022, 15, 103959. 

https://doi.org/10.1016/j.arabjc.2022.103959. 

54. Joshua, J.J.; Singh, D.; Venkatanarayanan, P.S.; Snehit, C.S.; Eswar, A.B.S.; Desta, M. Experimental Estimation of Energy Ab-

sorbed and Impact Strength of Kevlar/Basalt-Epoxy Interwoven Composite Laminate Added with Al2O3 Nanoparticles after 

High-Velocity Bullet Impact. J. Eng. 2023, 2023, 2830575. https://doi.org/10.1155/2023/2830575. 

55. Veeturi, U.; Verma, S.K.; Kumar, P.D.; Neogi, S. The influence of Kevlar surface microstructure on the ballistic resistance of soft 

armors and their hybrid constructions. J. Compos. Mater. 2026, 1–24. https://doi.org/10.1177/00219983251415159. 

56. Kumar, B.; Rajaprakash, B.M. Optimization Studies of Kevlar/Epoxy Composites Strengthened with Hybrid SiC-ZnO Nano-

fillers Using Taguchi L16 Technique. Int. J. Res. Appl. Sci. Eng. Technol. 2026, 14, 77620, 1244–1255. https://doi.org/10.22214/ijra-

set.2026.77620. 

57. Jawahar, V.N.; Navasingh, R.J.H.; Stebel, K.; Jasiński, R.; Niesłony, A. Improved Mechanical Performance of Carbon–Kevlar 

Hybrid Composites with TiO2 Nanoparticle Reinforcement for Structural Applications. J. Manuf. Mater. Process. 2025, 9, 140. 

https://doi.org/10.3390/jmmp9050140. 

58. Salehi-Khojin, A.; Bashirzadeh, R.; Mahinfalah, M.; Nakhaei-Jazar, R. Effect of Temperature on Impact Properties of Hybrid 

Fiberglass/Kevlar Laminate Composites. In Proceedings of the ASME International Mechanical Engineering Congress and Ex-

position (IMECE 2005), Orlando, FL, USA, 5–11 November 2005; pp. 19–26. https://doi.org/10.1115/IMECE2005-81530. 

59. Xie, Z.; Liu, Y.; Liu, L.; Feng, R.; Jiang, W.; Chen, W. Research on the adaptability of STF-Kevlar to ambient temperature under 

low-velocity impact conditions. Polym. Test. 2024, 133, 108416. https://doi.org/10.1016/j.polymertesting.2024.108416. 

60. Li, D.; Liu, T.; Zhang, J.; Qian, N.; Lu, Z.; Chang, C.; Wang, R.; Xiao, Q.; Qi, J.; You, F. Enhanced dynamic stab resistance and 

UV-resistance of flexible and lightweight Kevlar fabrics impregnated with multi-phase shear thickening fluid. J. Mater. Res. 

Technol. 2024, 29, 2533–2543. https://doi.org/10.1016/j.jmrt.2024.01.268. 

61. Oğuz, Z.A. Investigation of UV aging influence on low velocity impact behavior of interply hybrid composites. Int. Adv. Res. 

Eng. J. 2025, 9, 35–042. https://doi.org/10.35860/iarej.1570089. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 40 of 44 
 

https://doi.org/10.3390/polym18151837 

62. Oğuz, Z.A. Effect of UV Aging on the Hardness Properties of Glass and Aramid Fiber-Reinforced Interply Hybrid Composites. 

Int. J. Adv. Eng. Pure Sci. 2025, 37, 1–7. https://doi.org/10.7240/jeps.1582763. 

63. Naveen, R.; Kumar, M. Enhancing UV resistance of TiO2 reinforced Kevlar 29 fiber using Sol-Gel & Low-temperature Hydro-

thermal Processes. Polym.-Plast. Technol. Mater. 2022, 62, 117–128. https://doi.org/10.1080/25740881.2022.2096469. 

64. Houshyar, S.; Padhye, R.; Ranjan, S.; Tew, S.; Nayak, R. The impact of ultraviolet light exposure on the performance of polyben-

zidimazole and polyaramid fabrics: Prediction of end-of-life performance. J. Ind. Text. 2018, 48, 77–86. 

https://doi.org/10.1177/1528083717725112. 

65. Narici, L.; Casolino, M.; Di Fino, L.; Larosa, M.; Picozza, P.; Rizzo, A.; Zaconte, V. Performances of Kevlar and Polyethylene as 

radiation shielding on-board the International Space Station in high latitude radiation environment. Sci. Rep. 2017, 7, 1644. 

https://doi.org/10.1038/s41598-017-01707-2. 

66. Petrudi, A.M.; Vahedi, K.; Rahmani, M.; Petrudi, M.M. Numerical and analytical simulation of ballistic projectile penetration 

due to high velocity impact on ceramic target. Frat. Integrita Strut. 2020, 54, 226–248. https://doi.org/10.3221/IGF-ESIS.54.17. 

67. Dewangan, M.K.; Panigrahi, S.K. Finite element analysis of projectile nose shapes in ballistic perforation of 2D plain woven 

Kevlar/epoxy composites using multi-scale modelling. J. Ind. Text. 2020, 51, 4200S–4230S. 

https://doi.org/10.1177/1528083720970168. 

68. Shi, J.; Guo, Y.; Huang, X.; Chen, H.; Cao, H. Low-Velocity Impact and Post-Impact Residual Flexural Properties of Kevlar/EP 

Three-Dimensional Angle-Interlock Composites. Materials 2024, 17, 681. https://doi.org/10.3390/ma17030681. 

69. Bandaru, A.K.; Kothandan, D.K.; Chouhan, H.; Ma, H.; O’Higgins, R.M. Ballistic impact performance of Kevlar®/UHMWPE 

hybrid composite panels with a liquid thermoplastic resin, Elium®. Mater. Des. 2025, 252, 113706. 

https://doi.org/10.1016/j.matdes.2025.113706. 

70. Srivastava, J.P.; Kumar, P. Introduction to Glass Fiber-Based Composites and Structures. In Natural and Synthetic Fiber Reinforced 

Composites, 1st ed.; Siengchin, S., Rangappa, S.M., Rajak, D.K., Eds.; Wiley-VCH: Weinheim, Germany, 2022; pp. 1–16. 

https://doi.org/10.1002/9783527832996.ch1. 

71. Sathishkumar, T.P.; Satheeshkumar, S.; Naveen, J. Glass fiber-reinforced polymer composites—A review. J. Reinf. Plast. Compos. 

2014, 33, 1258–1275. https://doi.org/10.1177/0731684414530790. 

72. Deng, W.; Wakelin, E.; Kilinc, E.; Bingham, P.A. A survey of commercial soda–lime–silica glass compositions: Trends and op-

portunities I—Compositions, properties and theoretical energy requirements. Int. J. Appl. Glass Sci. 2024, 16, e16691. 

https://doi.org/10.1111/ijag.16691. 

73. Narayanan, N.I.; Archana, T.A. Glass Fiber Composite Materials. Int. J. Eng. Res. Technol. 2024, 13, IJERTV13IS040161. 

https://doi.org/10.5281/zenodo.18145653. 

74. Demirci, I. Graphene nanoplatelet additive impact on compression and bending strength of S-2 glass face-sheet honeycomb 

sandwich panels: An experimental study. J. Sandw. Struct. Mater. 2025, 27, 96–121. https://doi.org/10.1177/10996362241289033. 

75. Çuvalci, H.; Erbay, K.; Ipek, H. Investigation of the Effect of Glass Fiber Content on the Mechanical Properties of Cast Polyam-

ide. Arab. J. Sci. Eng. 2014, 39, 9049–9056. https://doi.org/10.1007/s13369-014-1409-8. 

76. Łach, M.; Kluska, B.; Janus, D.; Kabat, D.; Pławecka, K.; Korniejenko, K.; Guigou, M.D.; Choińska, M. Effect of Fiber Reinforce-

ment on the Compression and Flexural Strength of Fiber-Reinforced Geopolymers. Appl. Sci. 2021, 11, 10443. 

https://doi.org/10.3390/app112110443. 

77. Wallenberger, F.T.; Watson, J.C.; Li, H. Glass Fibers. In ASM Handbook, Volume 21: Composites; Miracle, D.B., Donaldson, S.L., 

Eds.; ASM International: Materials Park, OH, USA, 2001; pp. 27–34. https://doi.org/10.31399/asm.hb.v21.a0003353. 

78. Vali, K.S.; Murugan, S.B. Properties of glass fiber reinforced cold-bonded artificial lightweight aggregates with different binders. 

Rev. Rom. Mat. 2020, 50, 40–50. 

79. Safri, S.N.A.; Sultan, M.T.H.; Cardona, F. Impact damage evaluation of glass-fiber reinforced polymer (GFRP) using the drop 

test RIG—An experimental based approach. ARPN J. Eng. Appl. Sci. 2015, 10, 9916–9928. 

80. PatSnap. Aramid Fiber vs Glass Fiber: Weigh Strength and Flexibility. Available online: https://eureka.patsnap.com/report-ar-

amid-fiber-vs-glass-fiber-weigh-strength-and-flexibility (accessed on 9 March 2026). 

81. Babazadeh, J.; Rahmani, K.; Hashemi, S.J.; Sadooghi, A. Effect of glass, carbon, and kevlar fibers on mechanical properties for 

polymeric composite tubes produced by a unidirectional winding method. Mater. Res. Express. 2021, 8, 045301. 

https://doi.org/10.1088/2053-1591/abf0ba. 

82. AlOmari, A.S.; Al-Athel, K.S.; Arif, A.F.M.; Al-Sulaiman, F.A. Experimental and Computational Analysis of Low-Velocity Im-

pact on Carbon-, Glass- and Mixed-Fiber Composite Plates. J. Compos. Sci. 2020, 4, 148. https://doi.org/10.3390/jcs4040148. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 41 of 44 
 

https://doi.org/10.3390/polym18151837 

83. Kaboglu, C.; Eken, T.Y.; Yurekturk, Y. Impact performances and failure modes of glass fiber reinforced polymers in different 

curvatures and stacking sequences. J. Compos. Mater. 2021, 56, 1123–1138. https://doi.org/10.1177/00219983211059096. 

84. Wong, J.W.; Tan, C.L.; Azaman, M.D.; Azmi, A.I.; Wong, I.M.M. Low velocity impact behaviour analysis of different fibre stack-

ing sequences of glass fibre reinforcement composite. J. Phys. Conf. Ser. 2021, 2051, 012014. https://doi.org/10.1088/1742-

6596/2051/1/012014. 

85. Ra’eis, A.I.; Rizal, M.A.M.; Saad, A.P.M.; Saufi, M.S.R.M.; Syamsir, A. Influence of stacking sequence on the structural perfor-

mance and failure behaviour of pultruded glass fibre-reinforced polymer composites. Fibers Polym. 2026, 27, 1935–1954. 

https://doi.org/10.1007/s12221-026-01333-8. 

86. Maier, R.; Mandoc, A.-C. Investigation on Layer Hybridization of Glass/Carbon Fibre Woven Reinforced Composites Subjected 

to Low-Speed Impact. J. Compos. Sci. 2023, 7, 83. https://doi.org/10.3390/jcs7020083. 

87. Thilak, J.A.J.; Suresh, P. Dynamic response of glass/epoxy laminated composite plates under low-velocity impact. Int. J. Eng. 

2022, 35, 1283–1290. https://doi.org/10.5829/ije.2022.35.07a.07. 

88. Badawy, A.A.M. Impact behavior of glass fibers reinforced composite laminates at different temperatures. Ain Shams Eng. J. 

2012, 3, 105–111. https://doi.org/10.1016/j.asej.2012.01.001. 

89. Yang, X.-C.; Jia, N. Hygrothermal effect on high-velocity impact resistance of woven composites. Def. Technol. 2022, 18, 823–833. 

https://doi.org/10.1016/j.dt.2021.03.028. 

90. Benli, S.; Sayman, O. The Effects of Temperature and Thermal Stresses on Impact Damage in Laminated Composites. Math. 

Comput. Appl. 2011, 16, 392–403. https://doi.org/10.3390/mca16020392. 

91. Amaro, A.M.; Reis, P.N.B.; Neto, M.A. Experimental study of temperature effects on composite laminates subjected to multi-

impacts. Compos. Pt. B-Eng. 2016, 98, 23–29. https://doi.org/10.1016/j.compositesb.2016.05.021. 

92. Vieille, B.; Coppalle, A. Influence of temperature degradation on the low velocity impact behavior of hybrid thermoplastic PEEK 

laminates. J. Thermoplast. Compos. Mater. 2024, 37, 146–166. https://doi.org/10.1177/08927057231171830. 

93. Chowdhury, I.R.; Rao, P.S.; O’Dowd, N.P.; Comer, A.J. Hygrothermal ageing effects on failure behaviour of fibre-reinforced 

polymer composite materials under in-situ SEM testing. Compos. Pt. B-Eng. 2025, 294, 112148. https://doi.org/10.1016/j.compo-

sitesb.2025.112148. 

94. Wang, D.; Sun, Y.; Duan, J.; Xie, K.; Li, J.; An, Q.; Wang, X. Hygrothermal Effect on GF/VE and GF/UP Composites: Durability 

Performance and Laboratory Assessment. Polymers 2024, 16, 632. https://doi.org/10.3390/polym16050632. 

95. You, P.; Liu, C.; Yao, X.; Xu, K.; Li, M.; Wu, Y.; Luo, J. Experimental investigation on low-velocity-impact and post-impact-

tension behaviors of GFRP T-joints after hydrothermal aging. e-Polymers 2024, 24, 20240092. https://doi.org/10.1515/epoly-2024-

0092. 

96. Rabouh, M.; Zouggar, K.; Guerraiche, K. Numerical analysis of hygrothermal effects on low-velocity impact contact force in S-

Glass/polyester composite plates. J. Eng. Technol. Ind. Appl. 2025, 11, 65–70. https://doi.org/10.5935/jetia.v11i53.1532. 

97. Li, H.; Ye, L.; Xiao, W.; Wan, Y.; Li, H.; Ye, J. Effect of Hygrothermal Aging on Repeated Low-Velocity Impact Resistance and 

Damage Accumulation of Glass Fiber-Reinforced Polymer Composites. Polym. Compos. 2026, 47, S426–S438. 

https://doi.org/10.1002/pc.70942. 

98. Yalçınkaya, S.; Yoldaş, D.M.; Yoldaş, M.F. Experimental Investigation of the Effect of Seawater on Glass and Carbon Fiber 

Composites via Mechanical Characterization. J. Compos. Sci. 2025, 9, 107. https://doi.org/10.3390/jcs9030107. 

99. Kumar, M.; Bharadwaj, M.R. Numerical simulation of ballistic impact response on composite materials for different shape of 

projectiles. Sadhana-Acad. Proc. Eng. Sci. 2022, 47, 145. https://doi.org/10.1007/s12046-022-01889-0. 

100. Ojoc, G.G.; Titire, L.C.; Munteniță, C.; Pîrvu, C.; Sandu, S.; Deleanu, L. Ballistic Response of a Glass Fiber Composite for Two 

Levels of Threat. Polymers 2023, 15, 1039. https://doi.org/10.3390/polym15041039. 

101. Arivoli, C.; Ramajeyathilagam, K. Comparison Study on Flat and Curved Glass-Fiber-Reinforced Polymer Panels Subjected to 

High-Velocity Impacts with Spherical and Conical Projectiles: An Experimental and Numerical Study. J. Compos. Sci. 2025, 9, 

147. https://doi.org/10.3390/jcs9040147. 

102. Stepczyńska, M.; Rytlewski, P.; Moraczewski, K.; Pawłowska, A.; Karasiewicz, T. Novel Biocomposite of Starch and Flax Fiber 

Modified with Tannic Acid with Biocidal Properties. Polymers 2024, 16, 1108. https://doi.org/10.3390/polym16081108. 

103. Shahid, M.; Monastyreckis, G.; Zeleniakiene, D. Numerical Study on Elastic Properties of Natural Fibres in Multi-Hybrid Com-

posites. Polymers 2025, 17, 3031. https://doi.org/10.3390/polym17223031. 

104. Stochioiu, C.; Ciolcă, M.; Deca, A.-L. Mechanical Characterization of Flax and Hemp Fibers Cultivated in Romania. Materials 

2024, 17, 4871. https://doi.org/10.3390/ma17194871. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 42 of 44 
 

https://doi.org/10.3390/polym18151837 

105. Ahmed, R.; Manik, K.H.; Nath, A.; Shohag, J.R.; Mim, J.J.; Hossain, N. Recent advances in sustainable natural fiber composites: 

Environmental benefits, applications, and future prospects. Mater. Today Sustain. 2025, 32, 101220. 

https://doi.org/10.1016/j.mtsust.2025.101220. 

106. Pandey, R.; Dayal, R.; Srivastava, R.L. Flax Fibre Processing Technology, 1st ed.; University Press: Kanpur, India, 2014; pp. 1–7. 

107. Andersons, J.; Sparnins, E.; Porike, E.; Joffe, R. Strength distribution of elementary fibres due to mechanical defects. In Proceed-

ings of the 11th International Inorganic-Bonded Fiber Composites Conference (IIBCC 2008), Madrid, Spain, 5–7 November 2008; 

pp. 247–253. 

108. Zhu, J.; Zhu, H.; Njuguna, J.; Abhyankar, H. Recent Development of Flax Fibres and Their Reinforced Composites Based on 

Different Polymeric Matrices. Materials 2013, 6, 5171–5198. https://doi.org/10.3390/ma6115171. 

109. Rusu, I.-E.; Muste, S.; Mureșan, C.; Duda, M.M.; Man, S.; Vlaic, R. Hemp (Cannabis sativa L.) a potential plant for food and 

medicine—A review. Agricultura 2020, 113–114, 246–254. 

110. Cortés, J.G.; Ryu, B.R.; Pauli, C.; Barroso, L.R.; Park, S.-H. Industrial applications of hemp fiber in Europe and evolving regula-

tory landscape. J. Nat. Fibers 2024, 21, 2435047. https://doi.org/10.1080/15440478.2024.2435047. 

111. Kołodziej, J.; Kicińska-Jakubowska, A. Utilization of hemp shives for various purposes—A review. J. Nat. Fibers 2025, 22, 

2448016. https://doi.org/10.1080/15440478.2024.2448016. 

112. 2050 Materials. Hemp: A Game Changer for the Building Industry. Available online: https://2050-materials.com/blog/hemp-a-

game-changer-for-the-building-industry/ (accessed on 19 May 2026). 

113. Siouta, L.; Apostolopoulou, M.; Bakolas, A. Natural Fibers in Composite Materials for Sustainable Building: A State-of-the-Art 

Review on Treated Hemp Fibers and Hurds in Mortars. Sustainability 2024, 16, 10368. https://doi.org/10.3390/su162310368. 

114. Iqbal, R.M.; Ahammad, R.; Arifuzzaman, M.; Islam, M.S.; Islam, M.M. Manufacturing and Properties of Jute Fiber-Reinforced 

Polymer Composites—A Comprehensive Review. Materials 2025, 18, 1016. https://doi.org/10.3390/ma18051016. 

115. Mohammed, A.D.A.A.; Ronghui, W.; Huseien, G.F. Mechanical Properties of Natural Jute Fiber-Reinforced Geopolymer Con-

crete: Effects of Various Lengths and Volume Fractions. J. Compos. Sci. 2024, 8, 450. https://doi.org/10.3390/jcs8110450. 

116. Shahinur, S.; Sayeed, M.M.A.; Hasan, M.; Sayem, A.S.M.; Haider, J.; Ura, S. Current Development and Future Perspective on 

Natural Jute Fibers and Their Biocomposites. Polymers 2022, 14, 1445. https://doi.org/10.3390/polym14071445. 

117. Baysal, A.; Yayla, P.; Turkmen, H.S. Static and Dynamic Behavior of Hemp Natural Fiber Felt Biocomposites. J. Nat. Fibers 2023, 

20, 2160408. https://doi.org/10.1080/15440478.2022.2160408. 

118. Ashraf, M.A.; Zwawi, M.; Mehran, M.T.; Kanthasamy, R.; Bahadar, A. Jute Based Bio and Hybrid Composites and Their Appli-

cations. Fibers 2019, 7, 77. https://doi.org/10.3390/fib7090077. 

119. Oun, A.; Manalo, A.; Alajarmeh, O.; Abousnina, R.; Gerdes, A. Influence of Elevated Temperature on the Mechanical Properties 

of Hybrid Flax-Fiber-Epoxy Composites Incorporating Graphene. Polymers 2022, 14, 1841. 

https://doi.org/10.3390/polym14091841. 

120. Panico, M.; Cozzolino, E.; Papa, I.; Taha, I.; Lopresto, V. An Investigation of the Mechanical Properties of Flax/Basalt Epoxy 

Hybrid Composites from a Sustainability Perspective. Polymers 2024, 16, 2839. https://doi.org/10.3390/polym16192839. 

121. Shahzad, A. Hemp fiber and its composites—A review. J. Compos. Mater. 2012, 46, 973–986. 

https://doi.org/10.1177/0021998311413623. 

122. Zeng, X.; Mooney, S.J.; Sturrock, C.J. Assessing the effect of fibre extraction processes on the strength of flax fibre reinforcement. 

Compos. Pt. A-Appl. Sci. Manuf. 2015, 70, 1–7. https://doi.org/10.1016/j.compositesa.2014.12.004. 

123. Dillon, B.; Pedram, S.; Fam, A. Tensile properties of single flax fibres. In Proceedings of the CSCE Annual Conference, Freder-

icton, NB, Canada, 13–16 June 2018. 

124. Soatthiyanon, N.; Crosky, A.; Heitzmann, M.T. Comparison of Experimental and Calculated Tensile Properties of Flax Fibres. 

J. Compos. Sci. 2022, 6, 100. https://doi.org/10.3390/jcs6040100. 

125. Jasti, A.; Biswas, S. Characterization of Elementary Industrial Hemp (Cannabis sativa L.) Fiber and Its Fabric. J. Nat. Fibers 2023, 

20, 2158982. https://doi.org/10.1080/15440478.2022.2158982. 

126. Shahzad, A. Effects of Water Absorption on Mechanical Properties of Hemp Fibre Composites. Polym. Compos. 2012, 33, 120–

128. https://doi.org/10.1002/pc.21254. 

127. Kumar, S.M.V.; Sasikumar, C.; Sakthivelmurugan, E.; Rishi, J.P. Effect of Salt-Water Aging on the Mechanical Properties of Flax-

Woven Fabric-Reinforced Epoxy Composites. Mater. Technol. 2021, 55, 851–860. https://doi.org/10.17222/mit.2021.256. 

128. Ciardiello, R.; Benelli, A.; Paolino, D.S. Static and Impact Properties of Flax-Reinforced Polymers Prepared with Conventional 

Epoxy and Sustainable Resins. Polymers 2024, 16, 190. https://doi.org/10.3390/polym16020190. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 43 of 44 
 

https://doi.org/10.3390/polym18151837 

129. Shen, Y.; Zhong, J.; Cai, S.; Ma, H.; Qu, Z.; Guo, Y.; Li, Y. Effect of Temperature and Water Absorption on Low-Velocity Impact 

Damage of Composites with Multi-Layer Structured Flax Fiber. Materials 2019, 12, 453. https://doi.org/10.3390/ma12030453. 

130. Scheibe, M.; Dobrzynska, R.; Urbaniak, M.; Bledzki, A. Polymer Structural Composites Reinforced with Hemp Fibres—Impact 

Tests of Composites After Long-Term Storage in Representative Aqueous Environments and Fire Tests in the Context of Their 

Disposal by Energy Recycling Methods. Polymers 2025, 17, 276. https://doi.org/10.3390/polym17030276. 

131. Scheibe, M.; Urbaniak, M.; Bledzki, A. Structural Correlation Coefficient for Polymer Structural Composites—Reinforcement 

with Hemp and Glass Fibre. Polymers 2025, 17, 3295. https://doi.org/10.3390/polym17243295. 

132. Swain, P.T.R.; Biswas, S. Effect of Moisture Absorption on the Mechanical Properties of Ceramic Filled Jute/Epoxy Hybrid Com-

posites. IOP Conf. Ser. Mater. Sci. Eng. 2017, 178, 012010. https://doi.org/10.1088/1757-899X/178/1/012010. 

133. Gideon, R.; Atalie, D. Mechanical and Water Absorption Properties of Jute/Palm Leaf Fiber-Reinforced Recycled Polypropylene 

Hybrid Composites. Int. J. Polym. Sci. 2022, 2022, 4408455. https://doi.org/10.1155/2022/4408455. 

134. Rouphael, S.E.; Lebrun, G.; Touchard, F.; Truong-Hoang, T.Q. Low energy impact behavior of unidirectional and cross-ply 

flax/epoxy laminates and comparison with similar glass/epoxy laminates. Compos. Pt. A-Appl. Sci. Manuf. 2023, 175, 107746. 

https://doi.org/10.1016/j.compositesa.2023.107746. 

135. Rajendran, S.R.M.; Balakrishnan, P.A.; Visvalingam, B. Determination of the Mechanical Properties of Flax and Its Hybrid 

Flax/Carbon Composite Laminates with Vinyl Ester Resin for Wind Turbine Rotor Blades. J. Compos. Sci. 2025, 9, 229. 

https://doi.org/10.3390/jcs9050229. 

136. Alipour, A.; Jayaraman, K. Performance of Flax/Epoxy Composites Made from Fabrics of Different Structures. Fibers 2024, 12, 

34. https://doi.org/10.3390/fib12040034. 

137. Ramam, R.S.; Padal, K.T.B. Effect of fiber orientation on the mechanical properties of natural fiber epoxy reinforced composites 

of Flax, Hemp, and Kenaf. Int. J. Adv. Technol. Eng. Explor. 2022, 9, 72–81. https://doi.org/10.19101/IJATEE.2021.874747. 

138. Vinod, A.; Tengsuthiwat, J.; Gowda, Y.; Vijay, R.; Sanjay, M.R.; Siengchin, S.; Dhakal, H.N. Jute/Hemp bio-epoxy hybrid bio-

composites: Influence of stacking sequence on adhesion of fiber-matrix. Int. J. Adhes. Adhes. 2022, 113, 103050. 

https://doi.org/10.1016/j.ijadhadh.2021.103050. 

139. Singh, M.K.; Zafar, S. Effect of layering sequence on mechanical properties of woven kenaf/jute fabric hybrid laminated micro-

wave-processed composites. J. Ind. Text. 2022, 51, 2731S–2752S. https://doi.org/10.1177/1528083720911219. 

140. Beziac, G. Applications of Composite Materials in Helicopter Construction; Naval intelligence support center: Washington, DC, USA, 

1983; pp. 1–6. 

141. Ursache, S.; Cerbu, C.; Hadăr, A.; Petrescu, H.A. Effects of Rubber Core on the Mechanical Behaviour of the Carbon–Aramid 

Composite Materials Subjected to Low–Velocity Impact Loading Considering Water Absorption. Materials 2024, 17, 4055. 

https://doi.org/10.3390/ma17164055. 

142. Airbus. Developing Bio-Based Composites That Are Fit to Fly. Available online: https://www.airbus.com/en/newsroom/sto-

ries/2024-06-developing-bio-based-composites-that-are-fit-to-fly (accessed on 11 March 2026). 

143. Reddy, H.M.; Shivanand, H.K.; Esanakula, J.R. Evaluation of Impact Resistance and Interlaminar Shear Strength in Hybrid 

Composites of Kevlar, Hemp, and Carbon Fibers for Structural Applications. J. Environ. Nanotechnol. 2025, 14, 76–83. 

https://doi.org/10.13074/jent.2025.03.2511222. 

144. Ismail, A.S.; Jawaid, M.; Ramlee, N.A.; Abu-Jdayil, B. High velocity impact, flexural and dynamic mechanical properties of flax/ 

carbon/Kevlar reinforced bio-phenolic/epoxy composites. J. Mater. Res. Technol. 2024, 30, 9174–9182. 

https://doi.org/10.1016/j.jmrt.2024.05.262. 

145. Ismail, A.S.; Jawaid, M.; Zainudin, E.S.; Yahaya, R.; Alothman, O.Y.; Abu-Jdayil, B.; Sain, M. Dimensional Stability, Mechanical 

and Thermal Performance of Flax/Carbon/Kevlar Reinforced Bio-Phenolic/Epoxy Hybrid Composites. J. Nat. Fibers 2025, 22, 

2461491. https://doi.org/10.1080/15440478.2025.2461491. 

146. Nagendram, B.A.; Swamy, C.M.; Sai, K.S.R.; Naidu, K.M.; Sujith, K.S.K.; Abbas, J.; Nagaraju, C.S. Experimental Investigation of 

Mechanical Properties of Hybrid Laminated Composites Reinforced with Kevlar, Hemp Fibers & Crab Powder. Int. Res. J. Eng. 

Technol. 2020, 7, 3723–3727. 

147. Thakare, P.A.; Kumar, N.; Ugale, V. Study of Hybrid FRP Composite Made of Flax and Hemp Fibers with Kevlar. Int. J. Converg. 

Technol. Manag. 2021, 7, 1–19. 

148. Jani, S.P.; Kumar, A.S.; Khan, M.A.; Sajith, S.; Saravanan, A. Influence of Natural Filler on Mechanical Properties of Hemp/Kev-

lar Hybrid Green Composite and Analysis of Change in Material Behavior Using Acoustic Emission. J. Nat. Fibers 2021, 18, 1580–

1591. https://doi.org/10.1080/15440478.2019.1692321. 

https://doi.org/10.3390/polym18151837


Polymers 2026, 18, 1837 44 of 44 
 

https://doi.org/10.3390/polym18151837 

149. Gurusamy, P.; Kumar, R.D.S.; Ramanan, N. Mechanical characterization and performance evaluation of twisted Jute-Kevlar 

hybrid composites with varied fiber orientations. Mater. Res. Express 2024, 11, 105307. https://doi.org/10.1088/2053-1591/ad84a4. 

150. Özyer, T.; Demirci, E. Evaluation of Jute–Glass Ratio Effects on the Mechanical, Thermal, and Morphological Properties of PP 

Hybrid Composites for Sustainable Automotive Applications. Polymers 2025, 17, 3335. https://doi.org/10.3390/polym17243335. 

151. Ghani, M.U.; Siddique, A.; Abraha, K.G.; Yao, L.; Li, W.; Khan, M.Q.; Kim, I.S. Performance Evaluation of Jute/Glass-Fiber-

Reinforced Polybutylene Succinate (PBS) Hybrid Composites with Different Layering Configurations. Materials 2022, 15, 1055. 

https://doi.org/10.3390/ma15031055. 

152. Hasan, M.M.; Islam, M.A.; Hassan, T. Analysis of jute-glass fiber reinforced epoxy hybrid composite. Heliyon 2024, 10, e40924. 

https://doi.org/10.1016/j.heliyon.2024.e40924. 

153. Mani, M.P.; Nagarajan, R.; Kalimuthu, M.; Ismail, S.O.; Mohammad, F.; Krishnan, K.; Devi, M.P. I. Damage evaluation of jute 

and jute/glass epoxy composites under low-velocity impact using computer tomography and shearography. BioResources 2026, 

21, 3771–3791. https://doi.org/10.15376/biores.21.2.3771-3791. 

154. Chinta, V.S.; Kumar, P.K.; Chaitanya, K.L.; Kumar, S.N.; Sagar, K.V.V. Impact Strength Analysis of Glass-Jute Hybrid Compo-

sites: Experimental and FEA Investigation. Int. J. Mech. Eng. 2025, 12, 35–39. https://doi.org/10.14445/23488360/IJME-V12I7P105. 

155. Islam, M.; Islam, M.T.; Apu, M.U.; Islam, A.; Khandaker, S.; Sarker, F. Development of graphene-modified jute/glass hybrid 

composites via fiber wrapping for enhanced structural applications. RSC Adv. 2025, 15, 27594–27605. 

https://doi.org/10.1039/d5ra02968f. 

156. Ullah, S.; Palevicius, A.; Janusas, G.; Ul-Hasan, Z. Enhancing Mechanical and Impact Properties of Flax/Glass and Jute/Glass 

Hybrid Composites Through KOH Alkaline Treatment. Polymers 2025, 17, 804. https://doi.org/10.3390/polym17060804. 

157. Pisupati, A.; Lagardère, M.D. Mechanical Performance of Flax Fiber Composites with Waste Glass Fibers as a Core Structure. 

Materials 2022, 15, 9017. https://doi.org/10.3390/ma15249017. 

158. Akshat, T.; Petru, M.; Mishra, R.K. Low Velocity Drop-Weight Impact of Flax–Glass Hybrid Composites for Application in 

Automotive Components: Numerical Modelling and Experimental Analysis. Materials 2025, 18, 4740. 

https://doi.org/10.3390/ma18204740. 

159. Ahamed, M.A.M.; Dhakal, H.N.; Zhang, Z.; Barouni, A.; Pillai, J.R.; Babaa, S.E. Low-velocity impact damage characteristics of 

flax/glass epoxy hybrid laminates on the influence of different temperatures: Experimental and numerical analysis. Compos. 

Struct. 2025, 353, 118704. https://doi.org/10.1016/j.compstruct.2024.118704. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

https://doi.org/10.3390/polym18151837


  COR


    m 1


    m 2


    v 1


    v 2


    F d


    v 0


    F r


      v 1 ′


      v 2 ′


  COR


  COR


  COR


  COR


  COR = −       v 1 ′ −     v 2 ′    v 2 −   v 1


  COR


  COR


    u 1


    v 1


   h 1


   h 2


  COR =     u 1    v 1 =     h 2   h 1


    F  N = K   𝛿  n ,


  K


  n


    F  N


  𝛿


  𝜒


    F  N = K   𝛿  n + 𝜒   𝛿  n   𝛿 .


  𝜒


    g  N ≥ 0 ,           𝜆  N ≥ 0 ,         g  N   𝜆  N = 0


    g  N


    𝜆  N

