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Abstract. Organic polymers with inorganic reinforced composites are in daily use both domestically and industrially - in coating, adhesives, primers, aeronautic utilities, electro-optical devices and sensors, among others. These polymer-based materials are competing with metallic alloys in terms of cost and functionality (durability, strength, and other physical and chemical properties). However, the effect of heat on some of these polymer-based composites, brings some undesirable changes that affect product functionality. In addition, inorganic additives to organic epoxy resin have shown promising flame-retardant effects and increasing electrical conductivity. One particular epoxy polymer, Ampreg 21TM, with Bi inorganic fillers of different weight percentages (0; 0.46; 0.90; and 1.38 wt%) was the focus of this study. The Dual Cone Calorimeter was set to irradiate the samples with 35 and 50 kW/m2 external heat fluxes, yielding the thermal performances of the binary composites in terms of: the heat release rate (HRR), fire spread index (FIGRA), smoke release rate (SPR), smoke spread index (SMOGRA), time-to-ignition (TTI), and the maximum rate of heat emission (MARHE) of the composite samples. The results show that increasing Bi content in the epoxy decrease the parametric values linked to the fire performance of the samples. Thus, the Bi powder additives, being good heat conductor, assist in spreading heat in the matrix and as a result also serve as fire retardant in the composite. For the 35 kW/m2 irradiation, TTI decrease from 89 (neat sample) to 70 s (1.39 wt% Bi); Peak HRR decrease from 818.95 (neat) to 698.9 kW/m2 (1.39 wt% Bi); FIGRA decreases from 2.48 (neat) to 1.49 W/s (1.39 wt% Bi); SMOGRA decrease from 5.08 to 3.83 m2/s2; and MARHE decreases from 416.6 to 393.7 kW/m2.For the 50 kW/m2 irradiation, TTI decrease from 38 (neat sample) to 31 s (1.39 wt% Bi); Peak HRR decrease from 1361.73 (neat) to 675.03 kW/m2 (1.39 wt% Bi); FIGRA decreases from 4.78 (neat) to 2.25 W/s (1.39 wt% Bi); SMOGRA decrease from 9.39 to 6.27 m2/s2; and MARHE decreases from 632.3 to 425.7 kW/m2.Clearly, increasing Bi additives in the range used, decrease TTI, pHRR, FIGRA, SMOGRA, and MARHE values. Thus, good thermal performance of the composites are achieved with increasing concentration of the Bi additives.
Introduction
[bookmark: _Hlk202125520]Organic polymers with inorganic reinforced composites are in daily use both domestically and industrially - in coating, adhesives, primers, aeronautic utilities, electro-optical devices and sensors, among others.1 These polymer-based materials are competing with metallic alloys in terms of cost and functionality (durability, strength, and other physical and chemical properties).2 However, the effect of heat on some of these polymer-based composites, brings some undesirable changes that affect product functionality. Inorganic additives to organic epoxy resin have shown promising flame-retardant effects and increasing electrical conductivity. Flame-retardant effects are measured in terms of decreasing HRR, FIGRA, MARHE, SPR and SMOGRA which parameters can be obtained from Cone Calorimeter measurements. 
Materials and methods
Sample
Liquid epoxy resin (Ampreg 21TM) and its slow hardener were purchased from Advanced Materials Technology (Pty) Ltd, in South Africa. Different low weight percentages of Bi inorganic nanoparticle fillers were added to the Ampreg 21 in its liquid state. The composites were then poured into steel mould (wet with easy removal fluid) and mixed vigorously using magnetic stirrer till homogeneous mixture was obtained and left to cure for 24 hours.  Altogether eight samples were fabricated: 2x neat (epoxy only), 2x epoxy with 0.46 wt% Bi; 2x epoxy with 0.90 wt% Bi; and 2x epoxy with 1.38 wt% Bi. The samples were cut to: 10 x 10 x 0.3 cm3 for Cone Calorimeter measurements. Samples were irradiated with two external heat fluxes: 35 and 50 kW/m2.
Cone Calorimeter 
The Cone Calorimeter is considered as the most significant bench scale instrument in fire testing due to the small sample sizes used for the test.3 Cone Calorimetric testing serves as an elegant way to conduct research into the fire performance (in the development stage).  From each of the set external heat fluxes mentioned above, the Fire Test Technology (FTT) Dual Cone Calorimeter, conformed to ISO 5660 standard, was used to measure the following parameters: heat release rate (HRR); smoke production rate (SPR); mass loss rate (MLR); time to ignition (tig); sustained flaming time; maximum average rate of heat emission (MARHE) and other derived parameters such as: fire spread index (FIGRA) and smoke spread index (SMOGRA). FIGRA is an index used for indicating how fast combustion of a material develops.4 FIGRA provides estimation on the rate of fire spread or development and expressed as the ratio of peak HRR (pHRR) and the time at which the pHRR occurs. Similarly, SMOGRA, is closely related to SPR and it indicates the smoke spread measure of a sample.5 SMOGRA is expressed as the ratio of peak SPR (pSPR) and the time at which the pSPR occurs. Figure 1 shows the Cone Calorimeter with a burning sample on a load cell. 
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Figure 1: Section of the Cone Calorimeter showing a burning sample
 Results 
The heat release and the smoke production rates of the samples irradiated with external heat flux of 35 kW/m2 are shown in Figure 2 (a) and (b), respectively.
The effect of the two external heat fluxes, 35 and 50 kW/m2, on a sample is shown in Figure 3 (a) the Neat Ampreg21 and (b) Ampreg-0.46 wt% Bi binary composite samples. Other samples were measured in similar way.
The overall results of the thermal performance of the samples are displayed in Tables 1 and 2, for external heat flux irradiations of 35 and 50 kW/m2, respectively.
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Figure 2: (a) HRR and (b) SPR profiles of samples irradiated at 35 kW/m2
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 Figure 3: (a)Ampreg21neat and (b) Ampreg-0.46 wt% Bi binary composite samples irradiated at 35 and 50 kW/m2
	Sample 35 (kW/m2)
	Time to ignition (s)
	Peak HRR (kw/m2)
	FIGRA (W/s)
	Peak SPR (m2/s)
	SMOGRA (m2/s2)
	MARHE (kW/m2)

	Neat
	89
	819.0
	2.48
	0.183
	5.08
	416.6

	0.46% Bi
	89
	745.1
	1.94
	0.177
	4.37
	408.2

	0.90% Bi
	 81
	740.2
	1.59
	0.173
	3.93
	393.7

	1.39% Bi
	70
	698.9
	1.49
	1.180
	3.83
	374.0


Table 1: Thermal performance results from 35 kW/m2 external flux irradiation
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	Sample 50 (kW/m2)
	Time to ignition (s)
	Peak HRR (kw/m2)
	FIGRA (W/s)
	Peak SPR (m2/s)
	SMOGRA (m2/s2)
	MARHE (kW/m2)

	Neat
	89
	819.0
	2.48
	0.183
	5.08
	416.6

	0.46% Bi
	89
	745.1
	1.94
	0.177
	4.37
	408.2

	0.90% Bi
	81
	740.2
	1.59
	0.173
	3.93
	393.7

	1.39% Bi
	70
	698.9
	1.49
	1.180
	3.83
	374.0


 Table 2: Thermal performance results from 50 kW/m2 external flux irradiation
Discussions 
The heat release rate (HRR), Maximum Average Rate of Heat Emission (MARHE), Fire Spread Index (FIGRA) and Smoke Spread Index (SMOGRA) values determine heat safety hazard of a material.5 The lower the values the better the fire safety hazard. Ignition controls the flame spread and fire growth, whereas the pHRR controls the flame spread.6  
In Figure 2 (a) and (b), the peaks of HRR and SPR decrease with increasing time for increasing Bi content in the composite. Also, the two peaks shift to the right for increasing Bi content. These are attributed to the better thermal conductivity of Bi in the matrix which allows received heat to spread inside the composite. Besides, Bi imparts stronger char-forming ability to the matrix.7 In addition, time to ignition, seems to decrease with increasing Bi content which further suggest the synergy of Bi in promoting aromatization structures in the condensed phase of the epoxy. Furthermore, the area under each HRR vs time profile indicates the total heat release (THR). In Figure 2(a), the neat Ampreg21 epoxy sample have the highest THR. Just like peak HRR, THR values decrease with increasing Bi additives. 
Figure 3 (a) -Ampreg21 neat and (b) – Ampreg21-0.46 wt% Bi binary composite, show the role of external heat fluxes on the burning behaviour of the samples. The HRR profiles shift to the left for higher external heat flux with the corresponding shorter time-to-ignition. Also, the peak HRR decrease for smaller external heat flux. Thus, for the epoxy neat sample, Figure 3(a), irradiated by 50 kW/m2, time to ignition is 38 s as compared to     89 s from the 35 kW/m2 irradiation.
Just like THR, the increasing presence of Bi additives in the composites, decrease MARHE and FIGRA values of the samples.7 See Tables 1 and 2. 
Smoke production rate (SPR) is one of the fire safety parameters in thermal investigations of a material. SPR is related to Smoke Growth Rate Index (SMOGRA) and the Total Smoke Release (TSR) of a burning sample. In the case of toxicity, for all samples irradiated by either 35 or 50 kW/m2 external heat fluxes, the smoke spread, SMOGRA values decrease with increasing Bi content. One such example is shown in Figure 2(b). 
Tables 1 and 2 show all the summary of the thermal performance parametric properties of the Ampreg21 neat and with Bi additives binary samples that were subjected to the two external heat fluxes of 35 and 50 kW/m2. All parametric values decrease with increasing Bi content. Similar study by Xu et al.7 confrims the flame retardant behaviour of Bi in epoxy matrix.

Conclusions 
The fire performance of the Ampreg21 epoxy-Bi composite samples have been investigated. All the fire performance parameters, namely: peak HRR, peak SPR, MARHE, FIGRA and SMOGRA, obtained from the Cone Calorimeter measurements, decrease with increasing addition of Bi nano-powder in the epoxy (from 0.46, 0.9 and 1.38 wt%). The reason being the peculiar nature of Bi: better thermal conductivity in dispersion heat received and its ability in imparting stronger char formation in the composite; thereby, serving as flame retardant in the organic Ampreg21 epoxy.  
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