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Abstract: This research focused on the dynamic mechanical and thermal properties of woven mat jute/kenaf/jute (J/K/J) and kenaf/jute/kenaf (K/J/K) hybrid composites. Dynamic mechanical analysis (DMA) and Thermo-gravimetric Analysis (TGA) were used to study the effect of layering sequence on the thermal properties of kenaf/jute hybrid composites. The DMA results; it was found that the differences in the stacking sequence between the kenaf/jute composites do not affect their storage modulus, loss modulus and damping factor. From the TGA and DMA results, it has been shown that stacking sequence has given positive effect to the kenaf/jute hybrid composite compared to pure epoxy composite. This is because kenaf and jute fibre has increased the Tg values of the composites, thus affect the thermal degradation. Results showed that the storage modulus for kenaf/jute hybrid composites increased compared with pure epoxy composites with increasing temperature and the values of remained almost the same at glass transition temperature (Tg), the hybrid composite perhaps due to the improved fibre/matrix interface bonding. The preliminary analysis could provide a new direction for the creation of a novel hybrid composite which offers unique properties which cannot be accomplished in a single material system.
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1  Introduction

Hybrid composites are a mixture of two or more materials, which can be natural, synthetic, and natural/synthetic, as example kenaf/jute hybrid composites, carbon/glass hybrid composites and sugarpalm/glass hybrid composites [1]. The advantages of natural fibre used to fabricate composites reside in its eco-friendliness; also, it is less expensive compared to synthetic fibre, easy to fabricate and is abundantly available. However, natural fibre composites (NFC), as well as all-natural hybrid composites, have weak mechanical and thermal characteristics [2,3]. The thermal characteristics of a composite will depend on several factors, such as natural fibre composition, content of hemicelluloses, cellulose, as well as density, aspect ratio, fibre length and fibre diameter. Previous research has found that thermal characteristics can be improved by varying the fibre stacking sequence and the fibres orientations [4–6]. Kenaf and jute have unique mechanical and thermal properties and are both commonly used as reinforcement natural fibres for several engineering applications [7]. Kenaf is one of the most lignin-rich natural fibres [8]. Similarly to Kenaf and jute natural fibres are considered as nature’s synthetic fibres, due to their toughness, rigidity, lesser microfibrillar angle with the fibres axis and thicker cell wall. Researchers have stated that hybridisation of kenaf/jute natural fibres with epoxy can produce advanced hybrid composites, with high mechanical and thermal properties [9,10]. Also, researchers investigated some chemical configurations of natural kenaf and jute composites, considering the content of cellulose, hemicellulose and lignin in the fibres, and which would be able to resist higher temperatures [11,12]. The DMA technique was used to investigate the viscoelastic behaviour of reinforced composites in the glassy region and provides important data, such as the composites’ dynamic modulus, storage modulus, loss modulus and damping factor [11,13,14].

Earlier research also carried out the DMA of banana/sisal natural fibres polyester hybrid composites to investigate the optimum fibre fraction, and it was established that the composite with two natural fibres was more stable as compared to the one fibre composite, and the banana/sisal hybrid composite presented good thermal behaviour [15,16]. Our previous study investigated the thermal behaviour of untreated natural kenaf and jute hybrid composite and found the thermal properties at 30% fibre loading [17]. This study is an extension of earlier work efforts to examine the thermal behaviour of untreated kenaf and jute natural hybrid composites at constant fibre loading of 30 wt% [18]. It is expected that the hybridisation of kenaf and jute will enhance the interfacial bonding of the natural fibres with the matrix, which will help improve the properties of the materials [19]. In an exciting study, thermal properties of natural rubber composites reinforced by sisal/oil palm natural hybrid fibre were achieved, and composite thermal stability was seen to increase upon fiber loading [20,21]. Jarukumjorn and Suppakarn investigated thermal properties of sisal/glass hybrid polypropylene (PP), observed that the addition of glass fibers has improved the thermal properties of sisal/PP composites. Similar study has been carried out on the thermal properties of sisal/glass hybrid composites and confirms higher thermal stability for hybrid composites [22,23].

Based on previous literature, it was found that there are no research on the thermal and dynamic mechanical properties on kenaf/jute hybrid composites, focusing on the effect of the fibre stacking sequence. In the present research work, kenaf and jute natural fibre were hybridised with a polymer matrix to develop cost-effective advanced hybrid materials. Kenaf and jute fibre reinforced composites were prepared with a weight ratio of 3:1, and a total fibre weight loading of 30 wt%. The dynamic mechanical analysis (DMA) and thermal gravimetric analysis (TGA) of the kenaf and jute fibre reinforced epoxy natural hybrid composites were mainly used for the quantitative analysis of products. The effects of stacking sequence or layering patterns of the tri-layer composites (kenaf/jute/kenaf and jute/kenaf/jute) on their storage modulus, loss modulus, and damping factor were examined and compared to a pure epoxy composite. Thermal characteristics were studied by TGA to investigate the thermal stability of the hybrid composites.

2  Experimental Details

2.1 Materials

In this investigation, natural kenaf and jute fibre, in form of woven mat, were used as reinforcement to prepare hybrid composites. The materials were supplied by Indersen Shamlal Pvt. Ltd. India. The fibres are illustrated in Fig. 1. The jute fiber length is 2–3 mm, diameters ranging from 10–20 µm and aspect ratio is 200–300. Kenaf fiber length is from 2 mm up to 10 mm, diameter ranging from 10 to 20 µm, with aspect ratio from 200 to 500. Mechanical and physical properties of kenaf and jute fiber can be seen in Tab. 1. The bonding agent used was epoxy (Epoxyamite), with hardener, the epoxy liquid was purchased from Mecha Solve Engineering Sdn. Bhd, Selangor, Malaysia. Epoxyamite is a low-temperature curing agent, and it was used in a ratio of 3:1, as suggested by the manufacturer [24].
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Figure 1: (a) J/K/J, (b) K/J/K and (c) Epoxy composite sample

Table 1: Mechanical and Physical Properties of Kenaf and Jute Fiber
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2.2 Fabrication of Natural Hybrid Composite

In the investigation, two different types of fibres were used; namely, kenaf and jute, to prepare hybrid composites consisting of three layers of woven mat fibres, as shown in Fig. 1. The stacking sequences of K/J/K and J/K/J are shown in Fig. 2. All the specimens were fabricated by using the hand lay-up method.
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Figure 2: Stacking sequence for (a) Kenaf/Jute/Kenaf, (b) Jute/Kenaf/Jute

All the composites were prepared with a fixed 30 wt% fibre weight. After the fabrication process, the composites were left to cure for 24 hours at room temperature. The cured composites were cut using a cutting machine to the dimensions of 60 × 12 × 3 mm, according to ASTM D4065-01 standards [25].

2.3 Characterization

2.3.1 Dynamic Mechanical Analysis (DMA)

The dynamic mechanical analysis (DMA) was performed as per the standard ASTM D4065 to examine the viscoelastic performance of the kenaf and jute hybrid composites as a function of temperature. DMA was conducted using a TA Instruments Q800 DMA system, in the three-point support bending mode, at the oscillation frequency of 1 Hz under controlled amplitude. In this operating system, temperature was controlled from 30°C to 145°C, applied load minimum of 5 MPa, by sinusoidal strain with nominal temperature rate of 5°C/min. All the specimens prepared for DMA had the dimensions of 60 × 12.5 × 3 mm3.

2.3.2 Thermal Gravimetric Analysis (TGA)

The thermal properties of the natural kenaf and jute hybrid composites were evaluated using a thermal gravimetric analyser (TGA Q500, TA Instruments, USA). In this experiment, all the hybrid composites were subjected to heating in the range of 30–700°C, at a constant rate of 5 °C/min under nitrogen (N2) atmosphere. All of these measurements, samples with 10.3000 mg were placed in an alumina crucible and subjected to pyrolysis under a nitrogen atmosphere (50 mL/min).

3  Results and Discussion

3.1 Dynamic Mechanical Analysis (DMA)

3.1.1 Effect of Woven Mat Stacking Sequence on Storage Modulus

The effect of woven mat stacking sequence on the storage modulus of woven kenaf/jute reinforced epoxy hybrid composites J/K/J, K/J/K and pure epoxy is illustrated in Fig. 3. The evolution of storage modulus as a function of temperature, which can be assessed by DMA, provides an insight into materials’ toughness, and the structure of fibre/polymer composites. Storage modulus also shows the thermal resistance of composites. DMA reveals the presence of three regions; the main one is the glassy region, the second is the transition region, and third one is the rubbery region. In the glassy region, the hybrid composites present a sound and solidly packed structure, which results in a high storage modulus. Fig. 3 displays the variation of fibre volume fraction at different temperatures of the glassy region 40°C, transition region 60°C and rubbery region 100°C [26]. The rubbery region is last stage, in this case, the temperature increase has an even stronger influence on the materials, as the structure becomes increasingly flexible because of physical loss, but no other changes occur in this region. The fibers orientations is easy to formations hybrid composites due its mat forms, and it was carrying more loads as compared to random fibers orientations [27].
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Figure 3: Storage modulus curves from dynamical mechanical analysis of kenaf/jute hybrid composites

Fig. 3 shows the hybridisation of kenaf fibres and jute fibres in the polymer materials will increase the storage modulus of the composite, due to the existence of fibres. The storage modulus results for the K/J/K and J/K/J hybrid composites indicate that they have better thermal stabilities, compared to that of the pure epoxy composite [28]. There is no significant difference between the storage modulus curves of the K/J/K and J/K/J composites. This shows that the stacking sequence of the fibres does not affect the storage modulus of the hybrid composites. Also, the storage modulus curves indicate the higher thermal stability of the K/J/K hybrid composite, compared to those of the J/K/J and epoxy composites, which may be explained by its fibre orientation [29,30]. In this research, the fibre orientation used is 0°/90°, where from previous literature, it was shown that it gives the composites best properties. However, the strength of the hybrid composites mostly depends on the internal bonding between the fibres and the matrix, which can resist external and internal physical forces, endowing the composite with efficient stress-bearing capacity.

These results are in a good agreement with those of previous research done on oil palm/glass fibre-reinforced phenolic composites, where the storage modulus showed a significant improvement after fibre loading [31]. To conclude, from the analysis of the storage modulus of the specimens, namely, K/J/K, J/K/J and the control pure epoxy sample, the K/J/K and J/K/J composites performed well in this analysis, due to the excellent properties of the fibres contained in these hybrid composites, while the epoxy specimen has a lower performance compared to K/J/K, and J/K/J. In addition, the storage modulus curve dropped with dropping temperatures.

3.1.2 Effect of Woven Mat Stacking Sequence on Loss Modulus

The thermal behaviour is also revealed by the loss modulus performance of the natural hybrid composites. The thermal behaviour of a system depends on the composite characteristics as a function of temperature, in this study, they will depend on the properties of the natural fibres and epoxy, at 30 wt% loading. Fig. 4 shows the loss modulus curves as a function of temperature for the natural hybrid composites and epoxy specimens [32]. The highest peak of loss modulus point is 75–85°C. The highest peak value from loss modulus curve is the same with the tan delta curve. The Tg graph of natural hybrid composites slightly shifted toward higher temperature, in the temperature range of 45–85°C, towards the transition region, for the epoxy specimens. The good interfacial bonding of kenaf/jute fibre, when embedded in the bonding agent, would furthermore benefit the loss modulus via impeding the molecular chain movement. The enhancing loss modulus is attributed to strength losses induced by the rearrangements of molecular chains in kenaf/jute fibre because of the friction within the kenaf/jute composites [33]. Results also show that the stacking sequence of the kenaf/jute composites does not affect the loss modulus of the hybrid composites. However, the hybridisation between kenaf and jute does improve the loss modulus of the composites, compared to the pure epoxy materials.
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Figure 4: Loss modulus curves from dynamical mechanical analysis of kenaf/jute hybrid composites

3.1.3 Effect of Woven Mat Stacking Sequence on Damping Factor (Tan δ)

The value of the damping factor (Tan δ) depends on the viscoelastic behaviour of the composite. The (Tan δ) values of the hybrid composites (jute/kenaf/jute and kenaf/jute/kenaf) and the pure epoxy material are shown in Fig. 5. It can be clearly seen from the figure that the damping factor increases with the increase in temperature, rising to the maximum level in the transition region, then decreasing in the rubbery region. The glass transition for each composites are 250°C, 365°C and 375°C for pure epoxy, J/K/J and K/J/K composites. Hybridization of kenaf and jute has improved the Tg of pure epoxy composite more than 40% regardless of the stacking sequence. Additionally, it was determined that the damping factor is low below Tg for all the composite specimens because the chain segments are in a frozen state at this stage [34]. Therefore, the higher the (Tan δ) peak values, the greater is the degree of molecular motion. With the incorporation of the kenaf/jute fibre woven mats, the (Tan δ) peak decreased. Previous research work also reported that hybrid natural fibre reinforcement in polymer materials acts as a barrier restricting the mobility of polymer chains, leading to lower flexibility, lower degree of molecular motion and hereafter lower damping properties [35,36]. Woven mat kenaf/jute hybrid composites display low (Tan δ) peak values, which showed the excellent interfacial bonding between the fibre and matrix. Previous research work also found that kenaf and jute fibre woven mat reinforced epoxy matrix composites present good fibre/matrix interface bonding [37]. It is also observed that the jute/kenaf/jute and kenaf/jute/kenaf natural hybrid composites show lower (Tan δ) peaks, as compared to the pure epoxy specimen. The minimum (Tan δ) peak was found for the K/J/K hybrid composite, due to uniform fibre spreading and the fibre/matrix interface, allowing excellent stress transfer from fibre to matrix without the failure of the matrix are exposed in Fig. 5. The jute/kenaf/jute hybrid and the kenaf/jute/kenaf hybrid composites show lower (Tan δ) values than that of the pure epoxy sample, because the kenaf and jute fibre woven mats are more rigid and have a closely packed arrangement.
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Figure 5: Tan delta curves from dynamical mechanical analysis of kenaf/jute hybrid composites

The tan delta graph shows that the natural kenaf/jute hybrid composite has higher glass transition temperature as compared to pure epoxy. Previous research also reported that the damping factor of oil palm EFB/glass hybrids displayed low Tg due to a reduction in fibre/matrix interaction, which lowers the temperature of relaxation [38]. A similar study done on pineapple/glass hybrid composites illustrated that the damping factor values of the hybrid composites decreased above a wide temperature range [39]. On the other hand, an investigation done on jute/cotton hybrid fabric composites showed that the decrease in damping factor value is explained by a decrease in the free volume and accordingly in the polymer chains due to fibre volume fraction, stacking sequence and orientation [24].

From Fig. 5, it is observed that the intensity of the (tan δ) peak was reduced for the jute and kenaf fibre woven mat reinforced composites. The damping parameters found for the hybrid composites with 30% fibre loading showed that the hybridisation had a higher effect in this study, compared to the hybrid composites reported in other research [40].

The increasing loss modulus, with a shift in (tan δ) peak area, may be caused by the degradation of the chemical components within the structure of the composites and the movement of molecular chains within the natural hybrid composites. The weakening fibre elastic characteristics, combined with the increasing damping factor at higher temperatures, is recognised as being affected by the chemical composition of the materials [41].

3.2 Thermal Gravimetric Analysis (TGA)

The thermal performance of the epoxy composites and hybrid composites, with the 30 wt% fibre loading, is shown in Fig. 6. Fig. 6 illustrates the thermal behaviour of the natural hybrid composites starting from a temperature of 30.57°C, as 100% degradation was reached at 665.36°C. The mixture of the kenaf and jute fibre led to a significant enhancement in the thermal performance and stability of the hybrid composites, as their degradation onset temperature is about 289.83°C and final decomposition occurs at 665.36°C. From the TGA graph, it was observed that both the pure epoxy specimen and the hybrid composites showed a two-step degradation. The hybridisation of kenaf with jute fibres resulted in a significant increment of the thermal stabilities of the composites, which is most probably due to the higher thermal stabilities of the kenaf fibre than that of the jute fibre [42].
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Figure 6: Thermogravimetric analysis (TGA) graph of kenaf/jute hybrid composites

The thermal stabilities can be shown by the expression of factors such as onset decomposition temperatures. The (FDT) final degradation temperature and the remaining fibre content in the form of char are illustrated in the diagram. The onset degradation temperature is noted around 279–399°C and final degradation around 432–538°C [43]. The kenaf/jute woven mat hybrid composites show an initial degradation temperature between 280°C and 350°C, which is attributed to the thermal degradation of glycosidic linkages of cellulose, followed by another degradation stage at about 425–560°C, corresponding to the decomposition of lignin, which is low temperatures in thermal degradation as compared to pure epoxy sample. It was also reported in other studies that the initial thermal degradation stage at about 250–440°C is mainly caused by the decomposition of the hemi-cellulosic and cellulosic fractions of the natural fibres in natural hybrid composites [44]. In this investigation, higher initial degradation and final decomposition temperatures of the composites were found, compared to the corresponding values of the kenaf/jute fibres and epoxy, which thermal properties illustrated in Tab. 2.

Table 2: Thermal properties of kenaf/jute hybrid composites
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In this investigation, although the fibre loading was 30%, however, the stacking sequence were different. First hybrid composite were made from K/J/K while the other were J/K/J. As mentioned earlier, Kenaf fibres are rich in lignin, compared to other fibres. Therefore, the residual amount of hybrid composites was less because char yield depends on the availability of lignin in the fibers in kenaf and jute.

The thermogravimetric analysis (TGA) outcomes remained in good agreement with hypothetical stoichiometric values, indicating that the lignocellulosic-based composites are chemically active and thermally degrade between 150°C and 500°C; with hemicellulose degrading mostly between 280 and 350°C, cellulose between 425°C and 560°C and lignin between 250°C and 440°C [45]. At the highest temperature used in this investigation, the kenaf/jute hybrid woven mat composite had higher char residual weight compared to pure epoxy, due to the presence of the kenaf/jute fibre woven mat. The cellulose content in jute fibre is a little higher, as compared to that of kenaf fibres. The higher the cellulose content determines the slightly higher thermal stability of the K/J/K hybrid composites, compared to the J/K/J hybrid composites [46]. Researchers investigated the thermal properties of bamboo/glass fibres hybrid composites and found a higher amount of char residue in the hybrid composites, which indicated improved flame retardant characteristics [40,47,48]. All hybrid composites specimens were subjected to pyrolysis decomposition under a nitrogen atmosphere up to 700°C, all three specimens display an amazing initial weight loss with less than 10 wt.%. from 50°C up to about 300°C. this can be related to the evaporation of fibre moisture content. Because of the inherent hydrophilic existence of the fibres, absolute water removal cycle was not possible. The major step of decomposition was observed at roughly 300°C to 450°C. The step down observed at 700°C was due to the char content being burned off when the atmosphere was moved from nitrogen to oxygen, leaving the ash or residue content.

The char residue from TGA weight loss graph was estimated at 700°C. An example of the onset and endset temperature curve analysis for the epoxy sample is seen in Fig. 6, and all TGA findings are tabulated in Tab. 2. The epoxy sample displayed poor thermal stability with the average initial and final decomposition temperature at 300°C to 350°C relative to J/K/J and K/J/K. It also shows 9.55% of the highest char quality. This may have been attributed to the impregnated quality of the kenaf charcoal and the jute mat. Char formation is important as it protects the core of the material and structural integrity during a fire [49].

These results reveal that the stacking sequence of kenaf and jute fibre as reinforcement did not significantly affect the thermal properties of the composites. The thermal stability can only be enhanced if there is any other polymer added in the matrix or if there is any treatment done to the fibre due to the highly cross-linked structure of the composites.

4  Conclusions

The investigation results demonstrate that kenaf and jute natural fibre hybridisation is an effective formula to improve the dynamic and thermal properties of pure epoxy composites. Thus, the kenaf/jute natural fibre hybrid composites present higher the Degradation temperature and thermal degradation stabilities, compared to those of pure epoxy composites some.

The dynamic characteristics of the epoxy resins are dependent on temperature; thus, the storage modulus decreases with increasing temperature, while an increasing loss modulus is associated with internal stability. The dynamic mechanical analysis shows that the presence of the fibres limits the segmental mobility within the composite structure, thus increasing the thermal stability of the hybrid fibre composites.

In this investigation, the results showed the storage modulus of the kenaf/jute hybrid composites has increased more than 30% compared to (EP) pure epoxy sample, because there is no fibre matrix bonding in the composites, compared to J/K/J and K/J/K composites. These results are also inline as previous research mentioned in the literature section. Such investigations will contribute to an optimised use of kenaf/jute natural fibres in hybrid composites and their utilisation to develop advanced and cost-effective composites, possessing appropriate stiffness, damping behaviour, and thermal stability.
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