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Table 6.4. Tensile and impact data of neat PHBH, binary and hybrid composites 

Sample Tensile modulus 

/MPa 

Elongation at beak 

/% 

Impact resilience 

/kJ.m-2 

PHBH 748.2 ± 49.4 7.6 ± 0.6 5.2 ± 0.6 

PHBH/SB 1063.8 ± 18.5 4.7 ± 0.3 4.5 ± 0.4 

PHBH/SD 1071± 113 5.1 ± 0.5 4.5 ± 0.5 

PHBH/SB/SD 945 ± 84.5 4.2 ± 0.6 4.4 ± 0.2 

PHBH/SB/SD/HS 914.5 ± 42.1 4.5 ± 0.2 4.4 ± 0.3 

 

6.4. Conclusions 

 

The investigation of the morphology showed a high interfacial tension in the hybrid composites 

due to the hydrophobicity of PHBH and the hydrophilic nature of MSF and SB, but the 

PHBH/SD composite showed better dispersion of the filler. The differences in morphologies 

account for the variations in composite performance. The presence of HS in the hybrid 

composite (PHBH/SB/SD/HS) promoted interfacial adhesion between PHBH and SD.  

Compared to pristine PHBH, the binary and hybrid composites demonstrated superior stiffness, 

viscosity and storage modulus. The thermal stability of PHBH was enhanced with the addition 

of SB and SD, but the mixture of the fillers showed a synergistic effect on thermal stability.  

Contrarily, the presence of HS in the PHBH/SB/SD/HS achieved higher thermal stability of the 

composite due to the barrier effect of HS. The addition of fillers resulted in a reduction in 

elongation at break and impact resilience of PHBH, although the elongation of the composites 

remained within a similar range. The reduction in mechanical properties provides evidence of 

high interfacial tension between PHBH and either SB or SD in the hybrid composites. In future 

work, maleic anhydride grafted poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH-g-

MA) will be produced to investigate its effectiveness as a compatibiliser at various loadings 

for PHBV/SB, PHBH/SD, PHBH/SB/SD, and PHBH/SB/SD/HS composites prepared through 

melt extrusion. 
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CHAPTER 7 

 

Flammability properties of the PHBH and PBS systems 

 

It is well known that fire is a catalyst that thermally oxidises polymer-based materials. Flame-

retardant materials are capable of withstanding high temperatures and resist burning. Cone 

calorimeter is one of the techniques used to analyse the flammability properties of the polymer-

based composites. A lower peak heat release rate value is an indication of a flame-retardant 

system, while a higher peak heat release rate value is an indication of a flammable material 

(Araby et al., 2021). The well-known parameters from the cone calorimeter include heat release 

rate (HRR), total heat release (THR), mass loss rate (MLR), and smoke production rate (SPR).  

Table 1 summarises the cone calorimeter parameters for the PBS based system. Both natural 

fiber-reinforced composites, specifically sugarcane bagasse (SB) and sawdust (SD), 

demonstrated higher peak heat release rate values (Table 1) when compared to neat 

poly(butylene succinate) (PBS). This increase is primarily due to the inherent flammability of 

lignocellulosic materials, which decompose rapidly and act as catalysts during combustion, 

accelerating the burning process (Mankeed et al., 2022). When combined, SB and SD exhibited 

even greater flammability, likely resulting from the synergistic degradation of their similar 

organic components (Alias et al., 2021; Mankeed et al., 2022).  

 

Table 7.1. Selective cone calorimeter parameters for PBS based composites 

Samples ID pHRR / 

kW.m-2 

TTI /s Total heat release 

/MJ.m-2 

FPI /m2s.k-1W-1 

PBS 468 64 99.9 0.1368 

PBS/SB 578.2 62 111.4 0.1072 

PBS/SD 505.8 57 92.8 0.1127 

PBS/HS 425.3 95 78.9 0.2234 

PBS/SB/SD 576.3 62 111.6 0.1076 

PBS/SB/HS 451.9 67 134.2 0.1483 

PBS/SD/HS 432.8 65 92.1 0.1438 

PBS/SB/SD/HS 436.1 71 90.1 0.1628 

PBS/SB/SD/HS/EG 370 89 93.3 0.2405 

 

Nevertheless, the incorporation of halloysite nanotubes (HS) into both binary and hybrid 

composite systems led to a significant reduction in pHRR, indicating improved flame 

retardancy. Halloysite nanotubes, in particular, have been shown to enhance the thermal 

stability of polymer matrices due to their tubular structure and high aspect ratio, which improve 
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heat barrier properties (Kumar et al., 2024; Marset et al., 2020). Further enhancements in flame 

retardancy were noted with the incorporation of expandable graphite (EG). The addition of 

expandable graphite contributes to intumescent action; upon heating, EG expands to form a 

foamed, carbonaceous char that insulates the underlying polymer (Kmeťová et al., 2025). 

Among all samples examined, the hybrid composite comprising PBS/SB/SD/HS/expandable 

graphite (EG) showed the lowest pHRR value of approximately 370 kW·m⁻², highlighting 

enhanced fire resistance. In addition to the reduced heat release, this hybrid system also 

demonstrated a relatively high Fire Performance Index (FPI) value of 0.2405 m²·s·kW⁻¹, which 

indicates improved flame retardancy. The FPI, defined as the time to ignition divided by the 

peak heat release rate (pHRR), determines material safety performance. Generally, higher FPI 

values are associated with delayed ignition and a slower heat release, indicating a lower fire 

hazard (Murad et al., 2025). The exceptional flame retardancy observed in the 

PBS/SB/SD/HS/EG composite is attributed to the formation of a stable, compact, and 

continuous carbonised ceramic char layer. This char residue serves as an effective thermal and 

physical barrier, inhibiting heat and mass transfer between the flame and the underlying 

material. It also traps volatile degradation products, reducing the availability of flammable 

gases during combustion. This combined effect yields a significant improvement in flame-

retardant performance across multiple key parameters. Another crucial metric alongside the 

peak heat release rate (pHRR) measurement in the fire performance of composites is the total 

heat release (THR). In the absence of flame retardants, the composites showed high THR 

values, with the sugarcane bagasse (SB)-reinforced composites exhibiting notably higher THR 

compared to those containing sawdust (SD) (Table 1). This difference can be attributed to the 

unique chemical compositions and thermal degradation behaviours of the lignocellulosic fillers 

(Mankeed et al., 2022). Sugarcane bagasse usually contains a higher proportion of 

hemicellulose, and a lower mineral content compared to sawdust (Murad et al., 2025). As a 

result, it undergoes more extensive thermal degradation and releases more combustible 

volatiles during combustion (Becker et al., 2010). The inclusion of flame retardants 

significantly reduced the THR values across the composites. Notably, the PBS/SB/SD/HS/EG 

blend showed the most pronounced reduction in THR. This flame-retardant system enhances 

thermal stability and reduces heat release through multiple mechanisms. Halloysite nanotubes 

contribute to thermal stability by reinforcing the char structure and potentially facilitating the 

formation of a cohesive, ceramic-like residue during combustion (Marset et al., 2020). 

Expandable graphite serves as an intumescent agent, expanding upon heating to create an 

insulating char layer that shields the underlying material from flames (Kmeťová et al., 2024). 
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Together, these additives inhibit combustion and reduce the production of flammable 

decomposition products, thereby lowering total heat release (THR) and improving flame 

resistance. One of the most common hazardous gases released during combustion is carbon 

monoxide (CO), primarily because it binds to haemoglobin in the blood, reducing oxygen 

delivery to tissues. Carbon monoxide poisoning can lead to serious consequences, including 

severe tissue damage, organ failure, and even death, and therefore measurements are necessary 

(Afzal et al., 2025). Figure 1 depicts carbon monoxide production (COP) curves. The first two 

peaks correspond to initial pyrolysis and flaming combustion, where incomplete combustion 

results in high carbon monoxide (CO) levels. The third peak occurs during smouldering, with 

limited oxygen causing inefficient combustion and a temporary drop in CO as it converts to 

carbon dioxide (CO₂) (Wyn et al., 2020). The PBS/SB/SD/HS/EG composite system produced 

the least CO due to the formation of a protective, ceramic-like char layer. The addition of 

expandable graphite (EG) and hybrid synergists further enhances this flame-retardant effect. 

 

 

Figure 7.1. Carbon monoxide production of the investigated samples  

  

 Table 2 depicts the selective cone calorimeter parameters for PHBH-based system. The 

addition of single fibres, i.e., sugarcane bagasse (SB) and sawdust (SD), to the poly(3-

hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) matrix, resulted in higher pHHR values 

compared to the neat polymer, which was similar to the PBS-based system. This increase may 
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be related to the high cellulose and hemicellulose content of lignocellulosic fibres, which 

readily decompose under heat during pyrolysis, releasing more combustible volatiles and 

intensifying the combustion process (Mankeed et al., 2022; Nurazzi et al., 2021), as explained 

elsewhere in this document. 

 

Table 7.2. Selective cone calorimeter parameters for PHBH based system  

Samples ID pHRR / 

kW.m-2 

TTI /s 

 

Total heat 

release /MJ.m-2 

FPI /m2s.k-1W-1 

PHBH 508.1 55 85.15 0.108 

PHBH/SB 564.1 43 115 0.076 

PHBH/SD 571.4 42 116.2 0.073 

PHBH/SB/SD 545.1  48 110.9 0.088 

PHBH/SB/SD/HS  509.7 46 111.1 0.090 

 

When fibres were combined in the PHBH matrix (PHBH/SB/SD), the peak heat release rate 

(pHRR) slightly decreased compared to single-fibre composites, which contradicts the findings 

in the PBS-based system.  This phenomenon indicates that the synergistic interactions between 

the two fibre types could affect the degradation pathway, thereby limiting heat and mass 

transfer during combustion (Kumar et al., 2024). One may suggest that there is a better 

interaction of fibres in this system, which might have blocked any volatile materials from 

leaving the system and, in the process, slightly enhanced the flame retardancy. Further 

improvement in flame retardancy was observed with the addition of halloysite nanotubes (HS) 

to the fibre-reinforced PHBH system. The PHBH/SB/SD/HS composite exhibited the lowest 

pHRR among all the composites studied, although its value remained slightly higher than that 

of the neat PHBH.  

 

This indicates that while halloysite clay contributes to improved thermal stability through its 

barrier effect, the combined flammability of the natural fibres still plays a significant role in 

influencing the overall fire behaviour of the composite (Nurazzi et al., 2021). Halloysite clay 

enhances flame retardancy by acting as a heat barrier and promoting char formation, but its 

effectiveness can be limited by the abundance of easily combustible organic fibre content 

(Kumar et al., 2024; Marset et al., 2020). Notably, the Fire Performance Index (FPI) of the 

PHBH/SB/SD/HS system was lower than that of the neat polymer, indicating a higher fire risk 

despite the reduced relative risk (RR). FPI is defined as the ratio of time to ignition (TTI) to 

pHRR and is commonly used to assess the fire growth potential of materials. A lower FPI value 
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indicates faster ignition and/or higher heat release, both of which contribute to rapid fire 

development (Huang et al., 2023). This observation suggests that although the composite burns 

with lower intensity (lower pHRR), it ignites more quickly or lacks sufficient delay in ignition, 

likely due to the volatile degradation products of the fibres. Overall, while the addition of 

halloysite improves the thermal barrier properties and reduces the pHRR, the reduced FPI 

implies that additional flame-retardant strategies may be necessary. Combining halloysite with 

intumescent agents, such as expandable graphite, could be an effective approach to delaying 

ignition and suppressing the early stages of fire growth. 

 

Conclusions 

 

The flammability analysis revealed significant performance variations between the PBS and 

PHBH composite systems. In both matrices, the addition of natural fibres increased the peak 

heat release rate (pHRR) due to the lignocellulosic fillers' combustibility. However, halloysite 

nanotubes (HS) consistently enhanced flame retardancy by promoting char formation and 

acting as a thermal barrier. The benefits of flame-retardant synergy were greater for PBS. For 

instance, HS alone reduced the pHRR by approximately 9%.  In the PBS/SB/SD/HS/EG 

system, there was a 21% reduction in pHRR and a 76% increase in the Fire Performance Index 

(FPI). Conversely, the PHBH composites (evaluated without EG) exhibited only moderate 

improvements. In this case, HS provided about a 6% reduction in pHRR compared to the fibre-

reinforced control. This comparison highlights that while halloysite alone can enhance thermal 

stability, its combination with an intumescent additive is crucial for achieving high fire 

resistance and maintaining balanced flammability performance. These findings have direct 

implications for fire-sensitive applications. PBS-based hybrids containing HS and EG show 

promise for use in packaging, construction panels, and automotive components, where reduced 

heat release and improved char integrity can help slow fire growth and enhance safety in real-

world conditions. 
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CHAPTER 8 

 

Conclusions and future recommendations 

 

The study investigated the development of sustainable, flame-retardant, natural fibre-

reinforced composites using agricultural residues and inorganic flame-retardant additives. The 

primary objective was to assess the effects of various flame-retardant fillers, expandable 

graphite (EG), and halloysite nanotubes (HS) on the flammability, structural integrity, and 

thermal performance of bio-based composites composed of polybutylene succinate (PBS) and 

poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH), which were reinforced with 

sugarcane bagasse (SB) and sawdust (SD). A range of techniques, including FTIR, SEM, XRD, 

TGA, rheology, mechanical testing, and cone calorimetry, were employed to assess thermal, 

structural, and interfacial behaviours. In PBS composites, SD and SB enhanced stiffness and 

viscosity, with EG and HS contributing to crystallisation and interfacial strength. Hybridising 

the fibres resulted in improved filler dispersion and melt strength, though weak fibre–matrix 

adhesion limited toughness. EG increased crystallisation rates, aiding processing, while HS 

improved structural integrity. Despite slight reductions in thermal stability due to filler 

degradation, PBS hybrids demonstrated promising properties for rigid applications. In PHBH 

composites, SD again showed better compatibility than SB, while HS contributed to improved 

cohesion and thermal stability. Although hybrid systems enhanced stiffness and processing 

stability, their mechanical performance was limited by brittleness and poor interfacial bonding.  

 

These findings highlight the need for coupling agents, such as PHBH-g-MA, to improve fibre-

matrix integration. In conclusion, the analysis revealed that SD exhibited greater compatibility 

across both matrices, whereas SB contributed to improved mechanical stiffness. Hybrid 

systems outperformed their single-fibre counterparts, although performance varied according 

to the matrix utilised. PBS enabled more effective fibre integration, while PHBH necessitated 

more precise interfacial adjustments.  Furthermore, the incorporation of flame retardants into 

fibre–polymer systems effectively suppressed combustion, as evidenced by the reduced peak 

heat release rate (pHRR). Although halloysite nanotubes demonstrated heat barrier-forming 

capabilities, their synergy with intumescent additives, such as expandable graphite, proved to 

be more effective and promising. This research demonstrates that, with appropriate selection 

of fillers and processing strategies, agricultural waste can be repurposed into biodegradable, 

© Central University of Technology, Free State



194 
 

flame-retardant composites that are well-suited for sustainable engineering applications such 

as packaging, construction, and interior applications. 

 

Future work could further investigate industrial-scale processing, specifically the optimisation 

of extrusion and injection moulding. This research will help validate reproducibility and cost-

effectiveness under real manufacturing conditions. Additionally, long-term durability and 

environmental ageing studies are essential. These should include hydrothermal, UV, and 

biodegradation testing to assess material stability and performance throughout its service life. 

These efforts will aid in transitioning the developed composites from laboratory-scale 

formulations to commercially viable and sustainable material alternatives. 
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