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Abstract. 
In this paper, hybrid composites were fabricated by using kenaf and recycled carbon with a cashew nut shell liquid (CNSL) derivative known as cardanol as the matrix by a compression molding technique. In this work, we look for the effect of recycled carbon weight loading (15%, 25%, and 35%) on the thermal properties of kenaf/cardanol composites while maintaining the total fiber loading of 50 wt%. TGA, DSC, DMA, and flammability UL 90 HB properties of the specimens were studied. The results indicate that cardanol improved the thermal stability of kenaf and hybridization with recycled carbon also further improved the thermal stability of the specimens. The flammability UL 90 HB test determines the flame retardancy property of all specimens.

1. Introduction
High-end industries use high-quality materials such as phenolic compounds which are materials with phenolic content that are hazardous pollutants with low degradability [1]. Therefore, there is a huge need to substitute materials made from phenolic compounds with biodegradable, nontoxic materials to fulfill environmental and sustainability issues.
Currently, different state-of-the-art industries mostly use carbon and glass fibers which are nonbiodegradable and heavy as compared to natural fibers. The heavy weight of glass or carbon fiber composites increases fuel consumption [2]. Besides, the synthetic fibers are harmful to human health and create economic and environmental issues [3]. Nevertheless, recycling the valuable carbon fiber has gained great attention around the world because of environmental issues, shortage of landfills, and the low regulation for waste products [4, 5]. Besides, the production of virgin carbon fiber is much more energy consuming than producing steel, from 286 MJ/kg for carbon fiber to 33 MJ/kg for steel [6].
Due to the increment in the price of petrol-/chemical-based resins and also due to environmental issues, natural resins have been studied lately. Cardanol, which is a biophenolic resin derived from cashew nut shell liquid (CNSL), is abundant in tropical environments such as in India and its cheap price is a great benefit [7]. However, very few studies have been performed on cardanol as a matrix for composites, as well as on characterizing its curing parameters such as curing temperature and time.
Cardanol, having biodegradability, high thermal stability, and fire retardant properties, is an attractive bioresin for composite structures. Up to date, cardanol has been used mostly to produce different types of thermoset polymer resins for use in brake components [7] and surface coatings [8].
Substituting synthetic fibers with natural fibers or combining natural fibers with synthetics fibers [9, 10] has been a motivation for material scientists to develop natural fiber composites that would enhance the lifestyle of people globally with renewable and sustainable products. From the economic aspect, due to the increment of energy cost, the final cost of products with good properties is increasing [11, 12]; thus, there is the need for high-performance materials with low cost. Therefore, it is more economical to use natural hybrid composites since decreased fuel consumption results in significant cost reduction. In summary, the hybridization can balance the cost and performance of the biocomposites. In this research, a hybrid product is investigated with two types of fibers and one resin. The fibers are the kenaf short bast fiber (KSBF) and the recycled carbon short fiber (RCSF), while the resin is cardanol (CL). This hybridization could significantly encourage industrial applications.
A phenolic resin has great thermal stability, dimensional stability, chemical resistance, and load-bearing capability at elevated temperatures [13]. Phenolic resins have a wide range of applications such as in commodity and construction materials as well as in high technology industries such as in the aerospace industry. This wide range of applications is due to the favorable characteristics of the phenolic resin such as high solvent resistance, flame resistance, and low smoke generation [14].
Phenolic resins create char when they are subjected to a flame or fire. The char production with low thermal conductivity protects the surrounding materials. This is also the reason for its application in products that are flame resistant, fire retardant, and smoke generation resistant. Besides, the low thermal conductivity of the phenolic resin makes it an attractive material for toasters and knobs for kitchen appliances. In addition, the high electric-resistant property of the phenolic resin promotes its application in electrical switches and circuit breakers. Since phenolic resins are abrasive in nature, their machining is difficult, and therefore, they are molded to the desired shape [15, 16].
The cashew nut shell phenolic oil benefits from an aromatic structure; therefore, the six-member carbon ring results in chemical- and heat-resistant properties. This product does not affect the food industry because the cashew nut shell is a waste product and is nonedible. Novolac resins derived from CNSL and used as an epoxy hardener can be used with different manufacturing processes such as pultrusion, infusion, resin transfer molding (RTM), and prepreg [17].
Based on what has been mentioned above, the hybridization of the recycled carbon fiber and the kenaf bast short fiber has a great opportunity for wealth creation and enhancement of life quality, since both components are environmentally friendly. Although recycling the carbon fiber might seem expensive, when considering the hybridization with kenaf fiber which is cheap and renewable, it is a promising method for the future of new industries to produce the hybrid biocomposites made up of natural fibers (kenaf) and recycled carbon fibers.
2. Materials and Method
2.1. Materials
Kenaf fiber was provided by the Laboratory of Biocomposites, Institute of Tropical Forestry and Forest Products (INTROP), University Putra Malaysia (UPM) in bundle form which had to be cleaned and combed properly before use. The density of the kenaf fiber is 1.16-1.4 g/m3, and the diameter varies between 68 μm and 120 μm. For the chemical treatment of kenaf fibers, NaOH was used which was purchased from Megwena Synergy Sdn. Bhd. The matrix of the composite is cardanol, which was purchased from Chemovate, India in particle form with a diameter of 75 μm. Recycled carbon was purchased from Easy Composites Ltd., UK. Its density was approximately 1.8 g/cm3, and its length was ≤100 μm.
2.2. Fabrication of Composites
Kenaf fibers were physically cleaned, combed, and treated with 2% NaOH for 4 hrs. Then, the fibers were washed with tap water until the pH of the fibers reached neutral. After that, the fibers were put in an ambient environment before putting in the oven at 100°C for 15 hrs to dry completely. Then, the fibers were ground with a grinding machine to reach the desired length of  for a more homogenous mixing process with other components.
Then, the hybrid composites were fabricated by mixing the components with a mechanical mixer and then putting the components into the mold for compression molding at 160°C and 1 bar for 20 min followed by 1 hr of postcuring at 160°C and 0 bar. The composite formulation is tabulated in Table 1, and the whole process is shown in Figure 1.
Table 1: Hybrid composite formulation.
	

	Specimen	Kenaf (wt%)	Carbon (wt%)	Cardanol (wt%)	Description
	

	100CL	0	0	100	100% cardanol, control sample
	50K	50	0	50	50% kenaf/50% cardanol, control sample
	50K50C	25	25	50	25% kenaf/25% carbon/50% cardanol
	70K30C	35	15	50	35% kenaf/15% carbon/50% cardanol
	30K70C	15	35	50	15% kenaf/35% carbon/50% cardanol
	







		(a) Bundle of dirty kenaf




		(b) Clean and tidy kenaf fibers




		(c) NaOH treatment




		(d) Grinding kenaf fibers




		(e) Kenaf, recycled carbon, and cardanol prepared for mixing




		(f) Mixing the components with a mechanical mixer




		(g) Putting the mixture into the mold




		(h) Compression molding




		(i) Final composite
Figure 1: The procedure of the fabrication of the hybrid composite.


2.3. Characterization
Thermal characterizations of the specimens were conducted by thermogravimetric analysis (TGA) and differential scanning calorimetric analysis (DSC), while dynamic mechanical analysis (DMA) was also determined. Besides, the flammability property of the specimen was determined by flammability UL 90 HB.
Thermogravimetric analysis (TGA) was performed using the Q500 TGA model of TA Instruments. The temperature range was from 30°C to 900°C with a rate of 10°C/min. The behavior of the specimens with the increment of the temperature was studied to determine the different decomposition stages for each specimen. TGA also provides the information of the contribution of each component in the composite on the decomposition temperatures. The effect of fiber volume fraction on the decomposition stages was studied.
Differential scanning calorimetry (DSC) of the specimens was studied using a DSC Q20 machine, using a range of temperature from 30°C to 280°C with the increment rate of 10°C/min. Dynamic mechanical analysis (DMA) of the specimens was conducted to study the viscoelastic behavior of the specimen with consideration of the effect of hybridization. The ASTM D4065-01 was followed for the DMA test of the specimens. The size of the specimens was . The DMA Q800 machine located at INTROP was used to perform this test.
The flammability UL 90 HB was performed on the specimens according to the ASTM D3801 standard. In order to do the test, the specimens needed to go under pretreatment for 48 h at 23°C with a humidity of 50%. After preparing the specimen, with the help of a boss clamp, the specimen is fixed in a horizontal position, then the flame is applied from a Bunsen burner. A flame with a length of 20 mm and an angle of 45° was applied to one end of the specimen with a thickness of 3 mm for testing. The burning rate was then calculated as follows:

The specimen with a length of 125 mm was divided into three parts as shown in Figure 2. The flame was applied for 30 s, and then the time of burning until the specimen was extinguished after removing the flame was measured. In addition, the length of the burning area was measured. If the flame reaches the first mark on the specimen (length of 25 mm), then the flame application should be removed from the specimen. The burning rate is then calculated. The test was repeated for 5 samples.




			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
				
					
				
					
				
			
		
			
				
					
				
					
				
			
		
			
				
					
						
					
						
					
				
			
		
			
				
				
					
				
			
		Figure 2: Flammability UL 90 HB test schematic.


3. Results and Discussion
3.1. Thermogravimetric Analysis (TGA)
Figure 3 illustrates TGA of the hybrid composites with the control specimens (50 K and 100CL), and Table 2 shows the degradation temperature for each step as well as weight loss and residue percentage. Based on Table 2, the first degradation occurred for kenaf fibers, followed by cardanol in the second degradation, then finally carbon degraded in the third step. The weight loss percentage also determined the above assumption.




			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		Figure 3: TGA of the hybrid composites.


Table 2: Thermal degradation characteristics of hybrid composites.
	

	Specimen	Initial degradation (°C) (weight loss percentage)	Second degradation (°C) (weight loss percentage)	Final degradation (°C) (weight loss percentage)	Residue content (%)
	

	100CL	430.09 (43.04)	—	—	50.43
	50K	286.99 (33.5)	392.93 (26.86)	—	31.99
	30K70C	277.88 (12.05)	435.75 (21.78)	629.65 (9.55)	52.62
	50K50C	279.55 (16.93)	400.89 (19.75)	618.01 (5.94)	52.73
	70K30C	287.59 (24.71)	395.65 (23.11)	608.82 (4.9)	42.5
	



Figure 3 shows that the evaporation of the moisture content in hybrid composites occurred up to the temperature of 150°C, which showed that with a slight inclined line, the natural lignocellulose decomposed at around 350°C. Finally, carbon was decomposed later at two stages, one at around 420°C~500°C and the second decomposition was at around 630°C. It was observed that the degradation of cardanol occurred at the higher temperature of 430.09°C.
From Table 2, it can be observed that the degradation of cardanol which occurs in one stage happens at 430.09°C, and it is much higher than the initial degradation of all other specimens. Hybridization with the recycled carbon fiber did not significantly influence the initial degradation temperature of the specimens; however, for second degradation stage, the recycled carbon fiber loading of 70 wt% enhanced the degradation temperature by 42.8°C. It is observed that the temperature of second degradation stage increased with the increment of recycled carbon fiber loading. Figure 3 indicates that the presence of recycled carbon increased the thermal stability because the samples with 70 wt% carbon illustrated a higher thermal stability and lost less weight with the increment of the temperature. According to Figure 3, 30K70C showed higher thermal stability than 50K50C, which is higher than 70K30C; to conclude, the increment of recycled carbon content results in an increase of thermal stability.
Interestingly, while there are only two stages of thermal degradation for the kenaf/cardanol biocomposite, for kenaf/recycled carbon/cardanol hybrid composites, there are three stages of thermal degradation at which the effect of the recycled carbon fiber is shown at the third stage. Meanwhile, the TGA graphs of all of the hybrid specimens were considerably higher than that of kenaf/cardanol biocomposites (50 K). This is because the carbon fiber is a more thermally stable component compared to kenaf fiber, which is why the curves of the hybrid composites shifted towards the higher temperature while the weight loss percentage decreased; this means that the hybrid composites lost less weight at a higher temperature range during pyrolysis. Besides, it was previously shown that the enhanced thermal stability is also caused by the carbon fiber which acts as an obstacle for the resin movement during thermal degradation [18].
Figure 3 also illustrates that the thermal stability of cardanol was higher than the hybrid composites up to 500°C, after which the degradation of cardanol sped up. Previously, it was reported that the initial temperature for carbon fiber degradation was 585°C [19], while it was reported that the degradation of the carbon-fiber-reinforced phenolic resin occurred at the temperature range of 200°C to 900°C [20].
3.2. Differential Scanning Calorimetry
DSC of the hybrid composites is presented in Figure 4, and the melting point and decomposition peak temperatures are given in Table 3. From Figure 4, it can be observed that there is a shift towards a higher temperature for the decomposition of the hybrid composites, indicating that the presence of the recycled carbon fiber improved the thermal stability of the kenaf/cardanol biocomposites. Besides, the hybrid composites melted at a higher temperature. The absence of an exothermic peak determined the full cure of the cardanol, while the high endothermic peaks determined the decomposition of the composites. The samples with a higher amount of recycled carbon content showed a slightly higher temperature and lower heat flow for decomposition.




			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		Figure 4: DSC of the hybrid composites.


Table 3: Melting point and decomposition peak temperature.
	

	Specimen	Melting temperature (°C)	Decomposition temperature (°C)
	

	100CL	157.06	217.70
	50K	140.63	187.50
	30K70C	147.48	216.27
	50K50C	154.20	209.38
	70K30C	144.92	194.04
	



After hybridization, the melting point temperature increased up to 154.2°C for 50 K50C. It is determined that the hybridization with the recycled carbon fiber increased the melting point temperature for all the specimens. Also, the decomposition temperature of the hybrid composites occurred at a higher temperature as compared to the kenaf/cardanol biocomposites. Therefore, in agreement with TGA results, the presence of carbon fiber improved the thermal stability of the kenaf/cardanol composites.
3.3. Dynamic Mechanical Analysis (DMA)
Dynamic mechanical analysis (DMA) was conducted to study the storage modulus and tan δ of the specimens with respect to hybridization. The storage modulus illustrated three regions starting with the glassy region, followed by the transition region, and finally the rubbery region [21].
In the first region, the composite structure is rigid and the components are motionless and packed tightly in their place, which leads to the high storage modulus, while in the second region, that is, the glass transition phase, the increment in heat causes the mobility of the components and the storage modulus drops as the temperature goes above the glass transition temperature. From this point, the composite enters the rubbery region in which the components are highly mobile and the structure of the composite is no longer rigid [22, 23].
The storage modulus of the specimen was derived from DMA and is presented in Figure 5. tan δ is also presented in Figure 6, which shows the tangent of the phase angle. Figure 5 illustrates the decrement of storage modulus with the increment of temperature for all specimens as the storage modulus drops dramatically when the specimen is exposed to the heat. Besides, it was observed that the glassy region is broader than the rubbery plateau which indicated the brittleness of the specimen. It was also shown that at 40°C, for all of the specimens, the storage modulus was higher than the storage modulus of cardanol indicating the brittle property of cardanol.




			
			
			
			
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		Figure 5: Storage modulus of the hybrid composites (MPa).






			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		Figure 6: tan δ of the hybrid composites.


Another observation is that with the increment of the recycled carbon content in the composite, the storage modulus increased; for instance, for 30K70C, the storage modulus drop is much smaller than all the other specimens and the drop increases with the increment of kenaf fiber. Besides, it was determined previously that the storage modulus of the pulp fiber/PLA increased with the increment of fiber loading [24].
At around 250°C, there was an increment in the storage modulus; this is because, in this region, the specimens were in the rubbery plateau and the increment in the storage modulus was due to the enhancement in the cross-link density [25]. The author suggested that this increment occurred because the polymer underwent intermolecular cross-linking [26]. Besides, the increment in the rubbery plateau indicated that kenaf fiber has an important role in the elastic property of cardanol. The storage modulus of the composites decreased with the temperature indicating that the glass transition occurred before 220°C. A comparison between the results of storage modulus for hybrid composites and original kenaf/cardanol composites showed that the hybridization improved the storage modulus, especially for specimens with higher amounts of carbon content [27].
From Figure 6, it can be observed that the peak of tan δ for cardanol was higher than all other specimens, which also agreed with the previous results that showed cardanol had a lower damping property and was more brittle than the kenaf/cardanol composites; the shift of tan δ and the reduction of the absolute value indicate the interaction between kenaf and cardanol which enhanced the mechanical properties of the kenaf/cardanol composites [28]. It was also observed that the specimen with a higher fiber volume fraction showed the lower tan δ and higher damping property.
3.4. Flammability UL 90 HB
The calculated burning rate is illustrated in Table 4. For almost all of the specimens, the flame was extinguished right after separating the applied flame from the specimen and the specimens did not drop or melt. All the values for the burning rate were less than 40 mm/s, which means that according to the UL 90 HB standard, the cardanol fire retardancy did not decrease with the composition since the flame was extinguished before reaching the first mark at 25 mm for all specimens. Besides, no smoke generation was observed for any of the specimens.
Table 4: Flammability results of recycled carbon/kenaf/cardanol hybrid biocomposites.
	

	Sample	Horizontal UL 90 burning rate (mm/s)	Flaming drops	Classifications in vertical UL 90
	

	100CL	0	No	V-0
	50K	1.3	No	V-0
	30K70C	0.76	No	V-0
	50K50C	1.18	No	V-0
	70K30C	1.5	No	V-0
	



Therefore, all specimens were considered fire retardant as expected [29] and the presence of the kenaf fiber did not change the fire retardancy property of cardanol. Although, in agreement with TGA, the presence of kenaf fiber could reduce the thermal stability, it is observed that the burning rate of almost all samples is higher than that of cardanol, but still according to the standard since the flames of all specimens were extinguished before reaching the first mark on the specimen; they are all considered in the same class as V-0. This class means the specimens have a good flammability property probably due to the char development and heat transfer reduction from the flame to the composite by the protection of the polymer from oxygen [30].
4. Conclusion
Thermal characterizations of the specimens indicate that cardanol improved the thermal stability of kenaf and hybridization with recycled carbon also further improved the thermal stability of the specimens. The flammability UL 90 HB test determines the flame retardancy property of all specimens.
It was observed that the peak of tan δ for cardanol was higher than all the other specimens which also agreed with the previous results that showed cardanol had a lower damping property and was more brittle than the kenaf/cardanol composites; the shift of tan δ and the reduction of the absolute value indicate the interaction between kenaf and cardanol which enhanced the mechanical properties of the kenaf/cardanol composites. It was also observed that the specimen with higher fiber volume fraction showed the lower tan δ and higher damping property.
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