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ABSTRACT 

The presence of graphene in the composites resulted in a remarkable decrease in the heat of 

combustion of the polymer by up to 81% at 50 wt.% graphene. An increase from 0- 50 wt.% 

graphene led to a 77% decrease in HRC indicating that the presence of graphene contributed to the 

increase in anti-flammability behavior of polyimide.  The decrease in HRC slowed down at 30 

wt.% graphene, showing only a 2.7% decrease between 30 wt.% and 50 wt.%. The rate of 

degradation was also shown to significantly decrease by up to 85% from 0-50 wt.% graphene 

1. INTRODUCTION 
Graphene is a two-dimensional nano-filler with one-atom thick planar sheet sp2 bonded carbon 

atoms, tightly packed in a honeycomb crystal lattice[1]. It is the thinnest material known, 

possessing unusual electrical characteristics (carrier mobilities of up to 200,000 cm2V-1s-1)[ 

[2],[3], [4]], thermal conductivity (4840-5300 Wm-1K-1)[5] and Young’s modulus (E=1.0 

TPA)[6]. Due to these extraordinary properties, the use of graphene has increased in recent 

years, finding applications in polymer nanocomposites where they are used as nano-fillers to 

improve the thermal, mechanical, electrical and flame-retardant properties of the polymers 

[[7],[8],[9],[10],[11],[12],[13]] .  

Aromatic polyimide resins have high thermal stability (>300°C), high tensile strength, excellent 

radiation shielding capability, flexibility and low color. These excellent properties make them 

attractive for applications in the electronics and aerospace industries 

[[14],[15],[16],[17],[18],[19],[20],[21],[22],[23],[24],[25]]. Although they are inherently 

thermally stable and flame retardant, their thermal stability can be improved further for even 

higher temperature applications hence replacing their metal counterparts, providing the 

combined benefits of heat resistance and low weight.  



Most fire retardants developed in the years preceding 2006 were based on halogenated 

compounds such as bromine and chlorine. Examples include chlorowax, tetrabromobisphenol A, 

tribromophenol, phosphorus tribromide, among others[26] Although these halogenated flame 

retardants act effectively to suppress flames, their toxicity and environmental health concerns 

have led to legislation in various countries that aim to restrict halogenated compounds in the 

synthesis of flame retardants. These regulations have forced associated industries to come up 

with innovative and better solutions to formulating flame retardants[27]. 

Graphene acts by forming char as a barrier protecting the polymer from external heat source and 

minimizing the transfer of combustible gases generated by the decomposition of the polymer. It’s 

high thermal stability and large specific surface adsorption capability reduces heat and mass 

transfer[28]. Huang et al. found that the addition of 3 % graphene nanosheets to poly (vinyl 

alcohol) reduced the peak heat release rate (PHRR) by 49 %[32]   

The pyrolytic degradation of an organic polymer in the condensed phase to yield combustible 

volatile products can be regarded as the first stage in the flaming combustion of the polymer. The 

presence of flame retardants in the polymer can affect the rate and mode of pyrolysis of the 

polymer in the condensed phase[33]. The use of thermoanalytical techniques can provide insight 

into the stages of pyrolytic breakdown of polymers, their thermal stability and the nature and 

amount of solid residues and volatile products[33]. The role played in combustion by the initial 

condensed phase burning of the polymer can therefore be well understood from these studies.  

Direct measurement of the flammability and fire behavior of materials requires large quantities 

of materials and can be prohibitively expensive. In this work, the thermal and combustion 

properties of milligram sized samples were obtained using differential scanning calorimetry 

(DSC).  

2. EXPERIMENTATION 
Neat polyimide (PI) and polyimide-graphene composites (PI/GNS) with varying graphene 

compositions (10, 20, 30, 40 and 50 wt.%) were subjected to a heating rate of 10 °C/min in 

nitrogen and air atmosphere, from 25 °C to 725 °C in a DSC Q20 thermal analyzer purchased 

from TA instruments, New Castle, Delaware, USA. The samples were used as prepared by 

Longun and Iroh [34]. Results were analyzed using OriginPro 8.5 software.  



3. RESULTS 
3.1 Degradation in nitrogen 
Figure 1 shows DSC thermograms obtained from degradation of the samples in nitrogen. The 

areas under the peaks correspond to the pyrolytic heat of degradation of the composites. The 

peak degradation temperature shifts to lower temperatures by up to 33 °C. On the other hand, the 

onset temperature of degradation slightly shifts towards higher temperatures by up to 20 °C. The 

peaks become less broad from neat PI to 50 wt.% PI/GNS indicating that less of the polymer 

resin is being degraded as the graphene content is increased. 

 
Figure 1: DSC thermograms of neat PI and PI/GNS composites (a) neat PI (b) 10 wt.% (c) 20 

wt.% (d) 30 wt.% (e) 40 wt.% (f) 50 wt.% NGS 

Figure 2 shows the total heat of degradation of the samples as calculated from the areas under the 

peaks of the DSC thermograms shown in figure 1. The heat of degradation decreases by 92 % 

from the neat PI to 50 wt.% PI/GNS. The heat of degradation changes drastically by 75 % from 

neat PI to 10 wt.% PI/GNS then gradually from 10 wt.% to 50 wt.% PI/GNS. An extrapolation of 

the data gives the optimum weight percentage of graphene as 8 wt.%. This amount of graphene 



in the composite will lead to a low heat of degradation with the added advantage of using less 

graphene and therefore improving dispersion within the polymer matrix.  

Graphene acts by forming a dense, coherent and continuous char layer upon exposure to a flame 

or heat source. This layer acts like a physical barrier that limits the transfer of heat from the 

source to the polymer and slows down the diffusion of pyrolysis products from the polymer 

substrate. The retention of substantial amounts of solid residue due to the presence of graphene 

helps to minimize the degradation of the underlying polymer, hence conserving its structural 

integrity.  

 
Figure 2: Figure 2: Total heat of degradation of the neat PI and PI/GNS composites as measured 

by DSC in nitrogen atmosphere at a heating rate of 10°C/min  

3.2 Degradation in Air 
Figure 3 shows combustion thermograms obtained from DSC in air atmosphere. The 

thermograms display two decomposition peaks, corresponding to polyimide decomposition and 

char decomposition. The areas under the peaks decrease with increasing graphene content. The 

heat of combustion of the polyimide matrix was calculated by integrating the area under the 

polymer decomposition peak.  



 
Figure 3: Combustion thermograms (a) Neat PI (b) 10 wt.% (c) 30 wt.% (d) 50 wt.% GNS, at a 

heating rate of 10°C/min 

The heat of combustion of the polyimide matrix decreases by up to 81 % at 50 wt.% graphene. 

On the other hand, the char retention is shown to increase as the amount of graphene in the 

composite increases. This indicates that as the char retention increases, the polyimide resin is 

better shielded from the source of heat, thereby reducing the amount of polymer degraded and in 

effect, the heat of combustion of the polymer.  

3.3 Heat Release Capacity 
The heat release capacity is described as the maximum amount of heat released by combustion 

per degree of temperature rise per unit mass of polymer in mesophase. It combines the thermal 

stability and combustion properties of a material[35].The heat release capacity was obtained 

from the combustion thermograms shown in figure 3. The heats of combustion of the polymer 

matrix was used in the calculations using equation 1 below. Activation energy values were 

previously calculated using the Horowitz-Metzger method [36] 
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Where ղ𝑐𝑐  is the heat release capacity, ℎ𝑐𝑐,𝑝𝑝
𝑜𝑜  is the heat of combustion of the fuel (polymer), ∆𝑇𝑇𝑝𝑝 = 

𝑒𝑒𝑅𝑅𝑇𝑇𝑃𝑃2/Ea, is the half width of the pyrolysis temperature interval, 𝑇𝑇𝑝𝑝   is the temperature at the 

maximum fuel generation rate during a linear heating program, Ea is the global activation energy 

of the single-step pyrolysis process, R is the gas constant and e is the natural number[35].  

From the equation above, the heat release capacity is directly proportional to the heat of 

combustion of the fuel and inversely proportional to its thermal stability.  

Figure 4 shows the plot of the heat release capacity against wt.% graphene. This is shown to 

decrease by up to 77 % from 0- 50 wt.% graphene indicating an improvement in thermal 

stability. 

 

Figure 4: Heat release capacity of polyimide-graphene samples as a function of composition.  



4. CONCLUSIONS 
The effect of graphene on the combustion properties of polyimide was studied using differential 

scanning calorimetry. The total heat and the rate of degradation were shown to decrease with 

increasing graphene content.  The heat release capacity was also shown to decrease with 

increasing graphene content, indicating an improvement in thermal stability and decrease in heat 

of combustion of the fuel. This is attributed to the shielding properties of graphene sheets by the 

formation of a continuous char layer around the polyimide matrix.  
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