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Abstract 

 

Natural fibre-reinforced polymer composites (NFRPC) have taken centre stage in materials and engineering. They 

present many advantages over their synthetic counterparts, including environmental concerns, ease of disposal and 

reuse, and a high strength-to-weight ratio. Aerospace engineering and other critical engineering sectors are actively 

turning to NFRPCs for various reasons. Reinforcement in polymeric composites plays a vital role in forming the 

framework support system upon which the matrix is based; this, in turn, affects the vital mechanical properties of the 

composite formed and its impact-bearing characteristics. This paper evaluates selected mechanical properties of glass 

fibre and rayon yarn. The laminates were made so that the thickness was approximately equal. Five tensile tests each 

were performed following ASTM 3039/D3039 - 08 standard, and the average of each set is plotted and compared 

accordingly. The material is weighed, and the fibre and matrix volume fractions are calculated. The standard failure 

location, area and mode are described with the ASTM standard. A simplified micromechanical analysis is employed to 

demonstrate the homogenization of the laminate’s representative volume element (RVE) to obtain the relevant 

engineering constants.     
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1. Introduction  

 

From time immemorial, science and technology have greatly attributed processes’ success and functionality to 

materials. Material selection plays a big role in systems’ operation and useful life. For instance, a simple automobile 

engine can have materials made of aluminium, copper, iron, plastic, rubber and a mixture of two or more in the form of 

alloys. The same goes for composites reinforced with various natural/synthetic fibres singly or as a mixture (hybrid). 

There is now a global clarion call to switch from harmful synthetic fibres to bio-degradable. There are numerous 

evidential advances in composite materials as their application begins to foray into other areas of engineering. Recently, 

a study was carried out investigating fabric’s usability and suitability and the electromagnetic compatibility of a chosen 

composite element. The study further delved into determining the fibre content to be effective for the particle shielding 

test [1]. Another study used fused deposition modelling process in additive manufacturing samples infused with carbon 

fibre. The study investigated the mechanical properties of two polyesters reinforced with carbon fibre by making 

comparisons of type and print angle of orientation according to specified standards [2]. Fibre-reinforced polymer 

composites present a huge advantage in engineering practice and natural fibres because of their many desirable W
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properties compared to their synthetic counterparts. In the past two decades, the ease of making quality composites into 

various shapes has also increased its desirability and market chase. Low density and cost-effectiveness are reasons 

natural fibres are popular, especially in automobile industries [3]. Other advantages possessed by natural fibres include 

relative non-abrasiveness, high specific strength and modulus, ease of processing, and high flexibility. Generally, the 

manufacturing of polymer matrix composites (PMC) and natural fibre-reinforced polymer composites (NFRPC) can be 

fundamentally classified into three broad groups: short-fibre suspension methods, squeeze flow methods and porous 

media methods [4]. Most of the known manufacturing procedures for PMCs and NFRPCs fall into at least one of these 

categories. These desirable properties make up for the drawbacks presented by natural fibres reinforced polymer 

composites which include relatively low impact strength and hydrophilic tendencies (due to the hydroxyl ion, cellulose 

and hemicellulose components), which encourages high water absorption [5]. Material scientists and engineers have 

developed many design-based approaches and models formulated to address these challenges [6][7][8][9][10][11]. One 

special technique is fibre hybridization, where fibres of varying geometric properties are used singly or woven together 

to enhance the mechanical properties of composites. Kumar et al. [12] performed a comparative analysis of kenaf/glass 

fibre hybrid composite. The study used woven kenaf/glass fibre and epoxy resin as the matrix while investigating such 

properties as tensile strength, Young’s modulus, and the stress-strain curve of samples with different percentage 

contents of fly ash. The choice of fabrication method is vital during the manufacturing of composites. In their book, 

Safarabadi et al. [13] presented the effect of fibre waviness on the compressive strength of a laminate. Yahaya et al. 

[14] studied the effect of layering sequence and chemical treatment on the mechanical properties of woven kenaf-

aramid hybrid laminated composites. The results showed marked improvement in the tensile properties of hybrid 

composites in 3 layers compared to 4. Also, hybrid composites containing kevlar at the outer layers displayed overall 

better mechanical properties than the others. In their research, Tagarielli et al. [15] addressed the issue of an efficient 

and reliable method to measure the through-thickness of a material owing to the sheer difficulty in manufacturing thick 

laminates with relatively high thickness. The study also proclaimed that the onset of failure, which occurs in through-

thickness cases in composite laminates, largely depends on direct and shear inter-laminar stresses. Paul S. et al. [16] 

loaded banana composites in tension and monitored the effect of chemical alteration by treatment of the composites. 

The study showed the role of chemical treatment and how it improves the thermo-physical properties of the material 

tested. Vijayan et al. [17] experimented with the effect of hybridization by infusing aloe vera fibre with roselle and 

glass in various formations. The study also demonstrated the flexural (bending) test on the 3-point method up to a 

breaking criterion. The flexural strength and modulus were tabulated for the different sample configurations. Meenakshi 

et al. [18] investigated, via experiments and FEM, the mechanical response of glass, aloe vera, and kenaf in various 

configurations produced by the vacuum-assisted resin transfer moulding method. The study aims to study the 

mechanical behaviour of four different natural fibres when used as a reinforcement material in NFRPC/PMC. Its 

novelty lies in the material composite produced. Viscose rayon, in particular, is unique beacuse viscose rayon is not 

commonly used, as shown in many similar works on both natural and synthetic fibre. Hence, the problem addressed, or 

the specific novelty of the paper, lies in the fabrication of laminates and the comparative investigation of the mechanical 

properties of the different laminates produced according to stacking sequence. A simplified micromechanical analysis 

of the composite is performed in Ansys r22 Material Model Module using the hexagonal geometry type with a fibre 

diameter of 2μm. A comparison is drawn between the properties of E-Glass (Fibre Glass) with the resin used as they 

relate to the engineering constants, and relevant plots are obtained.  

 

2. Materials and Method 

The method chosen is dependent on the type of material involved in the manufacturing of the composite. The selection 

of suitable resin also plays an important role. Some of the manufacturing processes include the simple method called 

hand layup, compression moulding, injection moulding, pultrusion etc. The mechanical properties of composites largely 

depend on reinforcement, matrix, and the binding dynamics between them. Material preparation techniques and process 

is described in detail in section 2.1 below.  

 

2.1 Composite Laminate Preparation  

 

Preparing the sample involved obtaining the reinforcement fabric, cutting it into the specified dimension of 250mm x 

250mm, mixing the epoxy and hardener mixture at a specified ratio, and following the hand layup procedure for making 

the laminate before thermal compression and curing. This section describes the hand layup method for preparing the 

laminate at the KMP-TUL lab. The glass fibre and mat were obtained from Havel Composites Company, and the 

viscose rayon (2440 dtex) yarn in simple weave architecture was prepared at the KMP lab. The epoxy-hardener mixing 

ratio was 2:1. The gauge length of the textile composite sample was 78.8 mm, as marked from the Instron 9000 series 

testing machine gauge kit. Prevailing environmental conditions were 24oC, 37.5% RH and the mean value of the tests 

were considered. As described before, the three different reinforcement configurations prepared are given as follows: 

[02gf]s, [0,45gf]s , [0gf, Mat]s, [Mat2]s and [02ry]s. 
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Fig. 1. (a) [0gf, Mat]s and (b) [Mat2]s configurations (c) Mat Composite Test Samples 

(d) Strain Gauge Marker (e) Proper Tab Configuration and Effects 

The fibre materials are cut 250mmx250mm. The nylon material serves as the enclosure for the layup system and is laid 

open-leaf. The bleeder material is placed on one side of the leaf, and the separator material, which helps in easy 

detachment of the laminate after curing, is placed over the bleeder material. A reasonable quantity of matrix is applied, 

and the first fibre is laid on it; the process is repeated until all fibres are laid. Then the second side of the leaf is used to 

close the arrangement. The hot compression chamber consists of a top and lower platen with separate temperate 

controls. The platens are pre-heated to 75oC for both platens. The material is finally rammed and pressed manually with 

a hand roller to crush local bubbles to reduce the occurrence of voids. The setup is placed inside the compression 

chamber, and the pressure is set to 20kN, as shown in Figures 7 and 8. A glass enclave forms the sliding door that keeps 

the temperature inside in equilibrium through the curing process. The process continued for 1.5 hours, after which the 

sample was allowed to cool inside the chamber by adjusting the setpoint temperature to 24oC (room temperature) for 

about 12 hours. 

 

 

    

 

Fig. 2. (a) Fibre Material Hand Layup (b) Compression Controls Setpoint (c) Material Inserted for Compression 

           (d) Compression Controls Actual Values 

 

Fibre 
Stacking 

Sequence 
Orientation 

Sample 

Thickness 

(mm) 

Glass G-G-G-G [0] 1.02 

Glass G-G-G-G [0,45]S 1.02 

Mat M-M-M-M - 1.01 

Viscose-Rayon R-R-R-R [0] 1.45 

Galss-Mat G-M-M-G [0gl, -] 1.01 

 
Table 1: Stacking Sequence, Orientation and Sample Thickness of Composite Laminate 

 
3. Governing Equations 

In the book by Autar Kaw K. [19], the concept of composite mechanics analysis, theory, experimental procedures and 

failure mechanics is expounded. 

The surface area of the composite is given as follows:  

 

nbaS f =                             (1) 

where a and b are the geometric dimensions of the specimen and n is the number of plies (layers) 

mass of fabric,  
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mf = Sf . γ    

                               (2) 

In relation to laminate density,  

 

mmff VV  +=  and 1=+ fm VV
    

                                              (3)
 

Where ρ is the density of the composite. 

 

Hence, 
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                               (4)  

The longitudinal ultimate tensile strength is given as  
 

)1()()()( 1 fmultffultfult
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                                 (5) 

The transverse ultimate tensile strength is given as  
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The longitudinal ultimate compressive strength is calculated using two formulas, of which the lesser value is adopted.  

 

The relations are given below 
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Using the shear stress failure mode; 
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The transverse compressive strength is given as 
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C
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(9) 

The ultimate shear stress is given as  

 

ultmG −= )()( 121212                            (10) 

 
4. Results and Discussion 

The result and discussion session present the test outcome from the Instrom 9000 series machine. The samples are 

loaded with the appropriate tab material applied according to ASTM 3039/D3039-08 standard [20]. The crosshead 

speed is determined based on displacement as 1mm/min. The various laminates produced were tested for five samples 

each and up to failure of the specimen. The tab configurations before loading are shown in Fig. 1e above. The tabs play 

a crucial role as specified in the ASTM standard. The tabs help to avoid localized stress concentration around the edge/ 

zone where the crosshead grips the material, thereby limiting the occurrence of failure around this zone, which in 

practice, would be wrong. An in-depth study into the effect of tabs on specimens can be found in the work of Belingardi 

et al. and Tabrizi et al. [21, 22], where the authors investigated the effect of various tab configurations during tensile 

tests.  
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Fig. 3. (a) Average Force-Displacement Plot of Different Samples (b) Stress-Strain Average Plot of Different Samples 

 

 
Fig. 3. (c) Strain Energy Vs Time 
 

 
Fig. 4. (a,b,c) Mid-zone edge delamination [Mat4] (d) Mid-zone long splitting.  

 

Figure 3 shows the various plots of displacement and force, stress-strain and strain energy as it relates to time, whereas 

Figure 4 captures the various failure profile discussed in ASTM 3039/D3039M - 08 standard.  

 

4.1. FEM Micromechanical Homogenization of a Laminate 

 

Homogenization is a critical step towards constructing and designing composite structures [23]. The fundamental 

idea is to establish the macroscopic behaviour of composites knowing that they are heterogeneous at the 

microscopic level to generate engineering constants E11 (axial direction), E22 (transverse direction), G12 (in-plane 

shear modulus), G23 (out of plane shear modulus), and v12 (in-plane Poisson’s ration). Voigt, 1889 and Reuss, 1929 

devised the earliest method, called the rule of mixture (ROM), for deducing the values of the engineering constants 

of a laminate. The more recent Halpin_Tsai model succeeded but is still limited in predicting the value of G23, as is 

ROM. However, since the inception of finite element method (FEM)/finite element analysis (FEA) has been 

extensively used by researchers and scientists to determine the elastic properties of composite materials 

[24][25][26].     
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Fig. 6. (a) 3D RVE of a laminate (hexagonal type)               (b) Plots of G(long. and transv.) and Vf 
 

  
Fig. 7. (a) Plots of v12 and Vf                              (b) Plots of E (long. and transv.) and Vf 
  

Although further work already in progress will compare more results by looking at two other model types different 

from Figure 6a. It will compare the results from other resin types, including polyamide and polyester resins. This 

method presents a suitable means of calculating the material properties by homogenization.  

 

5. Conclusion 

 

As shown in Figure 4, the failure profile is described considering three criteria: failure type, which could be angled, 

edge delamination, grip/tab, lateral, multi-mode or explosive. The second criterion is failure area, denoting that failure 

could occur inside the grip/tab, at the grip/tab, within the gauge zone, multiple areas, etc. The last criterion is failure 

location, which specifies the failure domain on the composite and includes bottom, top, left, right, middle, and various 

locations combined. Further work will be in the simulation of the failure of laminates using Comsol-multiphysics 

macromechanical analysis of laminates and the development of failure envelopes in terms of failure indices and safety 

factors. The layering configuration affects the mechanical behaviour and response of the laminate. The laminate with 

rayon yarn showed comparably higher strain than the other laminates making it a good fit for applications requiring 

strain applications. A cloud-based tool called CDMHub is also proposed to be used for modelling the laminates. Other 

areas of further research will be the hybridization of fabrics used for reinforcement, as mentioned in Section 1. Two 

different types of yarn are woven to form one fabric; this has been shown by research to improve the mechanical 

characteristics of fabrics taken from the individual yarns which make up the hybridized fabric. Finite element tools have 

proven to be productive enough to determine the properties of unidirectional composite materials in homogenization. 

Other areas of further research and continuation are on macromechanical analysis of laminates in Comsol and Ansys 

ACP Pre.  
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