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Abstract 

Natural fibres have been identified as a potential substitute for mineral fillers in thermoplastic 

matrix composites for automotive applications. However, natural fibres are known to be 

susceptible to thermal degradation at relatively low temperatures. This paper focuses on the 

characterisation of the thermal and mechanical degradation of date palm and coir fibres as 

part of an evaluation of their potential as a reinforcement for polypropylene composites. The 

thermal degradation of the fibres and the resultant volatiles produced have been analysed for 

a range of typical polypropylene processing temperatures. The effect of the thermal 

degradation of the fibres on their mechanical performance has also been evaluated using 

single fibre tensile testing. The results indicate that processing temperatures should be 

minimised as much as possible and certainly kept below 200 °C. 
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1. Introduction 

The automotive industry is increasingly implementing light-weighting strategies in the design 

of automotive components in order to reduce carbon emissions over vehicle lifetime. In this 

respect, the use of fibre and filler reinforced thermoplastic composites have played a major 

role. Much of the success in this area has been due to improvements in fundamentally 

understanding the influence of fibre content, fibre diameter, fibre length and fibre-matrix 

adhesion in the composite. Nevertheless, the relatively high density and high levels of energy 

required in the production of composites based on man-made fibres may possibly have left 

room for natural fibres  to compete in certain applications. It is thought that natural fibres 

may offer a viable replacement as a renewable and environmentally friendly reinforcement 

with an overall reduced carbon footprint. It has been reported that natural fibres may have the 

potential to compete with mineral fibres and fillers in certain areas [1,2]. Their adoption 

could lead to lower energy consumption over vehicle life, due to reduced production energy, 

light-weight products (with fuel-saving benefits) and increased use of renewable resources. 

 

In this regard, one of the main issues in the processing of natural fibres is their potential 

degradation at high temperatures [2,3]. When these lignocellulosic fibres are heated in the 

range of 100 to 250 °C, physical and chemical changes in their properties have been observed 

due to processes such as depolymerisation, oxidation, hydrolysis, dehydration, 

decarboxylation and recrystallization [2-4]. The thermal behaviour of natural fibres can be 

analysed by the degradation of their individual main components (i.e. cellulose, 

hemicellulose and lignin). This thermal degradation is also different depending on the type of 

atmosphere (i.e. inert or oxidative atmosphere). Stamm [5] pointed out that the degradation of 

natural fibre is greater in the presence of air than in its absence, because of oxidation by 

atmospheric oxygen. Schwenker and Pacsu [6] showed that cellulose decomposes under an 
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inert atmosphere, into a complex mixture of organic acids, aldehydes, ketones, water and 

levoglucosan. In a later study, Roberts [7] pointed out that the decomposition of 

hemicellulose mainly takes places between 200 and 260 °C, followed by cellulose at 240 to 

350 °C and lignin at temperatures between 280 to 500 °C. Cellulose, hemicellulose and lignin 

have quite different reaction kinetics, hemicellulose being the most reactive and lignin the 

least. Asim et al recently reviewed the thermal stability of natural fibres and their polymer 

composites and confirmed that the thermal degradation of natural fibres is still a pressing 

issue [3]. They also noted that the thermal degradation of natural fibres correlates closely to 

the degradation of their main chemical constituents. They further observed that natural fibre-

reinforced composites exhibit better thermal stability that the fibres alone. 

 

The range of temperatures for the thermal degradation of the main components of natural 

fibres has been identified within the range of temperatures used in standard thermoplastic  

moulding processing [8,9]. Thermal degradation influences the reinforcing performance of 

natural fibres, generally negatively, and it is crucial to understand their behaviour at 

composite processing temperature conditions. It has been shown that thermal degradation of 

natural fibres can lead to a decrease of their mechanical properties, but also to poor 

organoleptic properties such as odour and colour [2,8,9]. Van de Velde and Baetens [10] 

investigated the thermal and mechanical properties of flax fibres. They recognised that 

natural fibres are subject to degradation under the influence of temperature. Even at relatively 

low temperatures (120 °C), after two hours, fibre elongation at break significantly decreased. 

Exposure to higher temperatures led to faster degradation than for lower temperatures. 

Gassan and Bledzki [4] analysed the thermal degradation of flax and jute fibres and observed 

significant reduction in the tenacity of fibres, which was clearly time dependent, for 

treatments at 210 °C. Polypropylene (PP) is a thermoplastic composite matrix polymer of 
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high interest in automotive applications [11,12]. However, processing temperatures for PP 

based composites must clearly be well above the PP melting temperature of 165 °C and lie 

typically in the 200-230 °C range. Consequently, the production of reliable natural fibre 

reinforced PP composite parts requires an in-depth understanding of the degradation of the 

fibres at the required processing temperatures. 

 

We have been studying the potential of coir and palm leaf fibres as a reinforcement for 

polypropylene based moulding compounds for use in automotive applications [11]. Such 

applications normally require two high temperature processing steps, one for forming a fibre-

polymer intermediate compound and the second for processing such a compound into the 

final part. Typical examples are extrusion and injection of short fibre reinforced PP and 

compounding and moulding of long fibre reinforced PP [12]. This paper presents results of 

the investigation of thermal degradation of coir and palm fibres at PP processing 

temperatures. Results are presented from thermal degradation studies and analysis of thermal 

degradation products along with single fibre tensile testing of heat-treated fibres for 

characterisation of fibre modulus, strength and failure strain. 

 

2. Experimental 

2.1 Materials 

Date palm and coir fibres were both provided by the industrial sponsor SABIC 

Petrochemicals B.V. (The Netherlands), but further information on the origin and extraction 

method of these fibres is not known. 

 

2.2 Thermogravimetric analysis 
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A TA instruments Q50 TGA was used to analyse the thermal stability of the date palm and 

coir fibres. In a first set of experiments, thermogravimetric analysis (TGA) was carried out 

under both nitrogen and air gas flow (60 ml min-1) using a simple dynamic heating rate of 10 

°C min-1 up to a maximum temperature at 600 °C. In a second set of experiments TGA was 

carries out in air atmosphere with an initial temperature ramp at 10 °C min-1 up to an 

isothermal degradation temperature of either 180, 200 or 220 °C. Fibres were tested as 

received. 

 

2.3 Thermal Volatilisation Analysis 

Chemical analysis of the thermal degradation behaviour of date palm and coir fibres was 

characterised using Thermal Volatilisation Analysis (TVA). TVA was carried out using an 

in-house built TVA line (see Figure 1) based on the techniques and devices described by 

McNeill et al [13]. The system was made up of a sample chamber, connected in series to a 

primary liquid nitrogen cooled sub-ambient trap and right after a set of four secondary liquid 

nitrogen cooled cold traps. The entire system was continuously pumped to a vacuum of 10-4 

Torr by two pumps: a two stage rotary pump and an oil diffusion pumping system. The 

condensable volatiles could be initially trapped at two points: the cold-ring and the primary 

sub-ambient trap. The cold-ring was water cooled (at a temperature of approximately 12 °C) 

and was positioned directly above the heated area of the sample tube. 

 

The primary sub-ambient trap was liquid nitrogen cooled and was designed to capture all the 

lower boiling point volatiles. In order to monitor the evolution of condensable and non-

condensable volatiles as a function of pressure versus temperature and time, two linear 

response Pirani gauges were located at the entrance and exit of the primary sub-ambient trap. 

The linear response Pirani gauges provide a precise pressure measurement, necessary for the 
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pressure peak integration; where the different areas of the curve are associated with the 

quantity of evolved volatiles. The low boiling species that were trapped in the primary sub-

ambient trap could be distilled into separate secondary cold traps by slowly heating the 

primary sub-ambient trap to ambient temperature. The separated fractions were subsequently 

removed into gas-phase cells for Fourier transform infrared spectroscopy (FTIR) analysis. 

 

The TVA runs were carried out under vacuum, with a heating rate of 10 °C min-1 to a 

maximum temperature of 550 °C. Fibres were placed within the system (in the sample tube), 

under vacuum, at least 12 h before the test started, which allowed for extraction of a 

significant part of the stored moisture within the fibres. A Hiden HPR-20 QIC mass 

spectrometer (MS) sampled a continuous product stream during the degradation (1-100 amu) 

and differential distillation (1-250 amu) runs. The sub-ambient differential distillation of 

collected  volatiles  was  carried  out  by  heating  the  primary  sub-ambient  trap from -196 

°C to room temperature. First, coir fibre volatiles were separated into four major fractions, 

while palm fibre volatiles were separated into three (as from the coir run it was seen that 

three was sufficient). All volatiles were then analysed by FTIR using a PerkinElmer 

Spectrum 100 in transmission mode. 

 

2.4 Heat treatment of fibres and observation 

The heat treatment of fibres was carried out in order to accomplish two main goals. The first 

was to provide thermally conditioned fibres for tensile testing. The second aim was to analyse 

the diameter and surface of the fibres before and after the heat treatment. The parameters of 

the heat treatment of fibres addressed for tensile testing were established around the normal 

temperatures for processing reinforced polypropylene, which coincide with the temperatures 
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where the initial degradation is observed. Three different temperatures (180, 200 and 220 °C) 

and two different treatment times (10 and 30 mins) were used. 

 

All the fibres were individually separated until no fraying could be seen with the naked eye. 

Subsequently, they were placed in an aluminium tray for the heat treatment. The heat 

treatments under air were carried out in an oven Nabertherm P-330. The samples were 

introduced in the oven and then heated up to the temperature of the treatment in a period of 

20 min. The temperature was then kept constant for the length of the treatment. Afterwards, 

the samples were taken out of the oven and cooled down at room temperature. The same 

procedure was followed to treat coir fibres in a vacuum oven under nitrogen at 220 °C for 30 

min. 

 

Fibres for diameter and surface observation, were also individually separated until no fraying 

could be seen with the naked eye. They were then positioned on a glass slide and fixed with 

double-sided tape and bulldog clips. Before the heat treatment, a picture was taken of the 

middle point of the gauge length, under transverse observation, using a Leica microscope 

with a 10x objective lens. The assembly of the fibres mounted on to the glass slide was then 

heat treated in the oven following the same heating process as the 220 °C and 30 min profile 

given for fibres addressed to tensile testing. Subsequently, fibres were again photographed at 

the same point as before. Finally, in each picture, the diameter was measured at three 

different points along the fibre length. The final value for the diameter was taken as the 

average of these three measurements. The surface of these fibres was then examined, after 

gold coating, using a HITACHI SU-6600 Field Emission Scanning Electron Microscope. 

 

2.5 Single fibre tensile test 
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The single fibre tensile testing was designed as a set of experiments that analysed the 

mechanical properties of date palm and coir fibres before and after heat-treatment. For each 

different condition, 30 fibres were tested. A gauge length of 20 mm was used for testing non-

treated and treated fibres. In the case of non-treated fibres, they were tested as received (no 

pre-conditioning or treatment). The sample preparation and tensile testing has previously 

been described in detail [14,15]. The various averages obtained for the mechanical properties 

of fibres treated under different conditions were compared using a Student's t-Test which 

determines the probability (p-value) of whether two samples are likely to have come from the 

same two underlying populations that have the same mean. The test applied was two-tailed 

)both ends of the distribution) and samples were not paired (unequal sample set sizes). If the 

p-value obtained was less than 0.05 then we assumed that the two average values were 

statistically different at the 95% confidence level. 

 
3 Results and discussion 

3.1 TGA of natural fibres 

TGA was used to investigate the thermal stability and degradation of date palm and coir 

fibres. The mass losses of both fibres, under nitrogen and air atmospheres, are illustrated in 

Figure 2 and 3. Degradation curves show that both fibres have a similar thermal weight loss 

behaviour. As expected, the degradation under an oxidative atmosphere (i.e. air) led to a 

higher mass loss at high temperatures. TGA along with its DTG, revealed a characteristic 

degradation under nitrogen, where four main regions could be identified. The degradation in 

the first region (peak 1 in Figures 2 and 3), for temperatures lower than 150 °C, was mainly 

attributed to the loss of moisture in the fibres [8,16,17]. The second region, between 150 and 

300 °C (characterised by a DTG peak, 2’ in Figures 2 and 3), is associated with the 

degradation of hemicelluloses and pectins [8,17-19]. The third region, between 300 and 400 

°C (characterised by a DTG peak, 3’ in Figures 2 and 3), was related to the degradation of 
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cellulose. For higher temperatures, lignin degradation is expected to take place. However, 

due to the nature of lignin, it is expected that, according to some authors [20], its degradation 

could take place over a wide temperature range. 

 

In the case of the degradation under air, it was observed that the main degradation DTG peak 

(peak 3 in Figures 2 and 3) was shifted to a lower temperature. In this case, it can also be 

noticed that the peaks related to hemicellulose and cellulose are less defined. Furthermore, a 

large DTG peak appeared (peak 4 in Figures 2 and 3) at temperatures above 400 °C. This was 

attributed to the oxidative decomposition of the charred residue [17]. DTG peak temperatures 

are detailed in Table 1. It should be noted that DTG peaks are taken from single 

measurements and so it is not possible to analyse the statistical significance of any 

differences. 

 

Peak DTG Peak temperature (°C) 
 Palm Coir 
2 297 - 
2' 286 291 
3 324 324 
3' 341 346 
4 446 451 
Table 1: Palm and coir DTG peaks. 

 

Above 150 °C, the majority of the moisture that was present in the fibres would have been 

eliminated, and so further weight loss is directly related to the degradation of fibre 

components. The behaviour is very similar for both fibres. Moreover, at temperatures under 

220 °C, the thermal degradation profile under air and nitrogen is closely comparable, as seen 

in Table 2. In general terms, dynamic degradation results agree with similar studies on coir 
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fibre [18,21,22], and further underline the similarities between the thermal behaviour date 

palm and coir fibres. 

Temperature 
range (°C) 

 Weight loss (%) 
Palm  Coir 

 Nitrogen Air  Nitrogen Air 
150-180 0.12 0.09  0.09 0.09 
150-200 0.29 0.30  0.21 0.20 
150-220 0.61 0.83  0.46 0.48 

Table 2: Fibre weight loss during the dynamic degradation studies. 

 

In the second set of experiments, the decomposition behaviour of palm and coir fibres in air 

was analysed under isothermal conditions. An initial temperature ramp (10 °C min-1), was 

followed by an isothermal region at 180, 200 or 220 °C. The results for palm fibres are 

shown in Figure 4. The trends in weight loss for the coir fibres were almost identical to those 

seen in Figure 4 for the palm fibres. Natural fibres can quickly absorb moisture from the 

atmosphere, which could affect TGA measurements. For this reason, in order to compare the 

different experiments, the weight loss percentage differences between 15 min (i.e. after 

moisture loss) and 45 min were analysed. Results are summarised in Table 3. The weight loss 

is similar for both fibres and increased for increasing temperature. It can be noted from 

Figure 4 that the weight loss was approximately linearly dependent on time, within the 

isothermal regions.  

Isothermal 
temperature (°C) 

Weight loss for 15-45 min (%) 
Palm Coir 

180 0.55 0.56 
200 1.36 1.11 
220 4.27 4.65 

Table 3. Fibre weight loss during the isothermal degradation studies. 

 

3.2 TVA analysis of natural fibres 
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In both cases the thermal degradation of date palm and coir fibres under vacuum produced a 

significantly higher amount of condensable volatiles compared with the non-condensable 

products. The TVA plots, showing the evolution of the volatiles versus temperature and time 

for each fibre, are illustrated in Figure 5. The onset degradation temperatures, the evolution 

rate peak maxima and the relative amount of condensable and non-condensable volatiles are 

summarised in Table 4. The relative amounts of volatiles have been calculated through the 

integration of the pressure versus time curves. The onset degradation temperature was 

defined as the point at which the system pressure exceeded 7x10-5 Torr. 

 

From the results in Figure 5 and Table 4, it can be observed that both fibres have a similar 

degradation profile, with a main degradation peak at a temperature of approximately 357 °C.  

The shape of the degradation profile is defined by a main peak (2’ in Figure 5), preceded by a 

large shoulder at a temperature of approximately 300 °C (1’ in Figure 5), and followed by a 

smaller broad shoulder. Furthermore, onset degradation temperatures were almost identical 

for both fibres, being 197 °C for date palm and 200 °C for coir, indicating that both fibre 

types have similar thermal stability profiles. 

 

Fibre Onset degradation 
temperature (⁰C) 

Max. evolution rate: 
Peak temperature (⁰C) 

∫Pcondensable(T) 
(Torr s) 

∫Pnon-condensable(T) 
(Torr s) 

Coir 200 358 64 16 
Date palm 197 357 65 15 

Table 4. TVA results summary 
 

Total-volatiles pressure profiles showed good correlation with the DTG curves from the TGA 

dynamic studies under nitrogen atmosphere in Figures 2 and 3. It should be noted that the 

initial moisture loss in the TGA curves was not observed in the TVA results due to the fact 

that fibres were placed in the sample tube under vacuum for 12 h prior to heating. This pre-
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conditioning at extremely low pressure, allowed the fibres to release all their moisture. A 

significant amount of non-condensable volatiles evolved from both fibres, as illustrated in 

Table 4. The pressure profile of non-condensable volatiles was divided in 4 regions, as 

illustrated in Figure 5. These regions were analysed by online MS, which indicated that peaks 

1 and 2, in the case of both fibres, mainly consisted of carbon monoxide. In regions 3 and 4, 

with similar results for both fibres, the MS revealed a mixture of carbon monoxide, methane 

and hydrogen. 

 

The collected condensable volatiles from both fibres in the first stage of the analysis were 

separated into different fractions by sub-ambient differential distillation and characterised by 

online MS and gas-phase FTIR analysis. The differential distillation pressure profiles and 

distillation fractions (i.e. coir C-Fi and date palm P-Fi) for each fibre are represented in 

Figure 6. The individual peaks (numbered from 1 to 4) represent discrete components of the 

total volume of collected volatiles. It can be noticed that the pressure profile during 

differential distillation was almost identical for the two different fibres, and therefore, 

degradation products were expected to be extremely similar. 

 

It should be pointed out that, due to the TVA line configuration, within the sub-ambient 

differential distillation process, minor inter-experiment differences may have arisen due to 

differences in room temperature and manual handling of liquid nitrogen. Differences between 

both fibres in region 4 of Figure 6, for which the main component was water, could have 

been caused by the previously mentioned variability. The main component of each peak was 

identified by online mass spectrometry and FTIR analysis (shown in Figures 7 and 8) as: 1- 

CO2, 2-Formaldehyde and 3-water. Traces of other volatiles were also identified: methanol, 

ketenes, acetic acid and long aliphatic fragments from unknown long hydrocarbon molecules. 
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These results agree with the studies on pyrolytic degradation of biomass’ main components 

(i.e. cellulose, hemicellulose and lignin) [6,20,23] and wood species [24]. This thermal 

degradation analysis represents a general study of the degradation process of palm and coir 

fibres. Due to the high temperatures achieved during the analysis, a high level of fibre 

degradation was expected. Consequently, the number of fragments (especially long aliphatic 

compounds) from low temperature degradation products was high, making it difficult to trace 

back the initial degradation products. 

 

Both the palm and coir fibres were found to be very brittle after TVA analysis. Figure 9 

shows a SEM micrograph of the internal structure of a date palm fibre before and after TVA. 

It can be seen that major parts of the cell structure have significantly been degraded by the 

TVA. The structural degradation pattern was in good agreement with the degradation of the 

three main components of natural fibres: cellulose, hemicellulose and lignin. Each individual 

cell in these fibres is formed by a series of layers. The internal layers are the ones to provide 

rigidity to the cell and therefore they are mainly made up by cellulose and hemicellulose and 

other organic components [25]. In the external layers the lignin content is much higher than 

in the internal layers. Lignin is the most thermally resistant of the main three components 

[8,26] with a wide degradation temperature range [20]. As observed in Figure 9 the 

remaining structure of the fibre , after the thermal degradation, was made up of the cell’s 

external walls.  

 

3.3 Fibre observation 

It is well known that the accurate measurement of the fibre cross section area is essential to 

precisely characterise the mechanical properties of natural fibres [27,28]. The comparison of 

the change in diameter of individual fibres caused by heat treatment at 220 °C for 30 min (as 
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described in 2.4), is illustrated in Figure 10.  From the equations of the least squares fitted 

straight lines, it can be observed that the measured diameter decreased slightly as a result of 

heat treatment. The slope of the lines revealed a decrease of approximately 3%. Even though 

these fibres are not exactly circular in cross section, by assuming that the 3% diameter 

reduction applies to the fibre width viewed from other angles then this is equivalent to a 

reduction of about 6% in the fibre cross section area. The reduction provides further evidence 

of the structural degradation, which was also observed to a greater extent, after high 

temperature non-oxidative thermal degradation in the TVA ( see Figure 9). Figure 11 SEM 

images from pre and post-heated fibres (at 220 °C for 30 minutes). No significant differences 

in the surface of the fibres were observed. 

 

3.4 Degradation of mechanical properties 

Single fibre tensile testing of non-treated and heat-treated palm and coir fibres revealed 

fundamental changes in their mechanical properties. The results for average fibre tensile 

strength, strain to failure and Young’s modulus are illustrated in Figures 12-14, where error 

bars represent 95% confidence limits. In this case the fibre length extension in the “strain” 

calculation was defined by the crosshead displacement. For both fibres, there was a drop of 

the tensile strength after heat treatment (see Figure 12). The duration of the treatment also 

had a clear influence. The 10 min heat treatments reduced the average tensile strength less 

than the respective 30 min treatments. It can be seen if Figure 12 that, for the case of the 10 

min treatments, the tensile strength of date palm is approximately constant for 180 and 200 

°C. A two- sample t-test of the average values of non-treated palm in comparison with the 10 

min. treatments 180, 200 and 220 °C, only revealed a significant difference at 95% 

confidence level for the 220 °C treatment (p-value = 0.002). Furthermore, a two- sample t-

test of the average values showed no significant difference at 95% confidence level, between 



[Type here] 
 

 15 

the tensile strength of non-treated palm and when heat treated for 30 min 180 °C (p-value = 

0.102). 

 

A different scenario was observed for coir fibre results in Figure 12, where a degradation of 

tensile strength was observed for all treatments. As might be expected from the TGA 

isothermal studies under air and nitrogen, the heat treated coir fibres at 220 °C for 30 min. 

under nitrogen, showed a lower drop of the tensile strength in comparison with the equivalent 

samples treated on air. In this regard, a two-sample t- test of the average values showed a 

significant difference at 95% confidence level (p- value = 0.018). However, when comparing 

220 °C 30 min. nitrogen and 220 °C 10 min. air, no significant difference was observed at 

95% confidence level (p-value = 0.298). It should also be noticed that the values of tensile 

strength of both fibres, after the 30 min. heat-treatments, are very similar. 

 

In the results of the strain at failure of heat treated fibres in Figure 13, a more severe drop in 

performance is observed for both fibre types after heat treatment. Similar to the results for 

tensile strength, the decrease of the strain to failure increased for increasing treatment time 

and temperature. In the case of treatments at 180 °C, average values were equivalent for 10 

and 30 min. For palm, a two-sample t-test of the average values showed no significant 

difference at 95% confidence level (p-value = 0.074). In the case of coir, values were even 

more similar, where a two-sample t-test of the average values showed no significant 

difference at 95% confidence level (p- value = 0.861). As in the analysis of tensile strength, 

coir fibres heat-treated under nitrogen showed a lower drop of the strain to failure. 

 

In terms of the Young’s modulus of heat-treated fibres, no consistent evidence of mechanical 

performance degradation is observed in the results in Figure 14. In fact, for some of the heat-
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treatments, an apparent increase of the average values of Young’s modulus can be seen. For 

palm fibres, two-sample t-tests of the average values revealed no significant difference at 

95% confidence level between non-treated and heat-treated samples, with the exception of 

heat-treated fibres at 200 °C for 10 min. (p-value = 0.007). With regard to coir fibres, two-

sample t-tests of the average values revealed no significant difference at 95% confidence 

level between non-treated and heat-treated samples, with the exception of heat-treated fibres 

at 220 °C for 10 min and 220 °C for 30 min under nitrogen atmosphere (p-values equal to 

0.002 and 0.035, respectively). Although the evaporation of water from the fibres during heat 

treatment might explain a rise in the fibre modulus, such an explanation would imply that all 

the heat treated sample would exhibit a rise in modulus. This is clearly not the case in Figure 

14. In fact, the variability of the fibre modulus results appears to be related to the very high 

variability of the cross section area of these natural fibres. In a separate study it has been 

shown that the measured fibre modulus for these fibres is dependent on fibre dimensions [15] 

with thicker fibres exhibiting lower average values of modulus. 

 

Figure 15 shows typical examples of the stress-strain curves obtained from the single fibre 

tensile testing of the coir and palm fibres before and after heat treatment. The curves shown 

are for individual fibres whose stress-strain curves reflected the average mechanical property 

values presented in Figures 12-14. In the results for the untreated fibres there is an initial 

elastic deformation region, up to about 2% strain, above which there is a longer plastic 

deformation region. Coir and palm are both fibres with high cellulose microfibril angle 

(MFA) [1,25,29,30]. Such fibres normally exhibit bi-phasic stress-strain behaviour, which is 

related to the variation of MFA during deformation [29,31] and the interaction between 

cellulose microfibrils and the rest of the cellular wall matrix components [31]. It has been 

pointed out that after the yielding point, the matrix materials of the cellular walls (i.e. mainly 
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hemicellulose, lignin, pectin) undergo plastic deformation while cellulose microfibrils slide 

with respect to each other [31]. 

 

In the case of heat-treated fibres, especially after heat-treatments at 220 °C for 30 min., major 

changes within the second region of the stress-strain curves were observed. This second 

region was entirely supressed in most of the cases after 30 min at 220 °C, as illustrated in 

Figure 15. Heat-treatment temperatures (i.e. 180, 200 or 220 °C) were expected to mainly 

degrade pectins and hemicelluloses [17,26], as these components  were  associated  with  the  

initial  degradation  processes  identified  by dynamic TGA and TVA experiments. Pectins 

are one of the main components that cements elementary fibres together. Hemicelluloses are 

the main component of the secondary wall matrix material, where cellulose microfibrils are 

embedded, and are meant to bind cellulose and lignin [25]. It is proposed that the degradation 

of these two components may limit their plastic deformation (i.e. the second region of the 

fibre stress-strain curve), ultimately leading to sudden failure of the natural fibre. Therefore, 

degradation of pectins and hemicelluloses would be directly related to the strain to failure and 

consequently with the tensile strength. On the other hand, at these heat treatment 

temperatures the cellulose microfibrils which are the main contributor to fibre’s rigidity, are 

not expected to degrade. This is supported by the results from the dynamic TGA and TVA 

experiments. Cellulose degradation was associated with the second DTG degradation peaks, 

identified at 324 °C for palm and coir fibres. This is far above the heat-treatment 

temperatures used here. This may explain the observation in Figure 14 that the average 

Young’s modulus did not decrease after fibre heat treatments.  

 

These results all indicate that thermal treatment, for instance during composite processing, of 

coir or palm leaf fibres above a temperature of 180 °C will result in a serious reduction of 
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these fibre’s reinforcing ability in composites. This thermally induced loss in fibre 

reinforcement performance does not appear to be limited to the two fibres used in this study. 

Yao et al [32] studied the thermal decomposition kinetics of ten different natural fibres 

including wood, bamboo and bast fibres. Even under a nitrogen atmosphere an onset 

decomposition temperature range of about 215 ± 10 °C was measured for all natural s except 

for pine fibre with approximately 60% of the thermal decomposition occurring in a 

temperature range between 215 °C and 310 °C which they noted overlaps with the processing 

temperatures of many thermoplastics. Gassan and Bledzki studied the effect of heat treatment 

on the performance of both flax and jute yarns [4]. For temperatures above 170 °C the 

tenacity decreased rapidly. Higher temperatures and longer exposure times to a drop in 

tenacity. Treatment at a temperature of 210 °C resulted in a drop in tenacity of approximately 

70%. In a study of the effects of heat treatment on the mechanical properties of flax bundles 

Van Velde [10] concluded that composite production temperatures higher than 180 °C have 

to be avoided to minimise loss of reinforcement performance of the flax fibres. Teixeira et al 

performed tensile testing on curaua, hemp and sisal fibres which had been treated at 

temperatures up to 200 °C [33]. They found that all fibres exposed at 200 °C became fragile 

and brittle and exhibited drastic decreases (>90%) in tensile strength and strain to failure. 

Finally, a recent wide ranging review of the thermal stability of natural fibres and their 

polymer composites by Asim et al and confirmed that the thermal degradation of natural 

fibres above processing temperatures of 200 °C is an issue [3]. Consequently it appears 

highly advisable that processing temperatures for natural fibre reinforced composites should 

be kept as low as possible and certainly below 200 °C. 

 

4 Conclusions 
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This work has shown the importance of controlling the processing conditions of coir and date 

palm fibres in composite production due to the possibility of thermal degradation. It is clear 

from the results presented here that, when producing composite materials with these fibres, 

processing temperatures should be minimised as much as possible and certainly kept below 

200 °C. 

 

Dynamic thermal analysis of both fibres under nitrogen revealed two characteristic peaks 

from the derivative of thermogravimetric analysis (DTG) that were associated with pectin-

hemicellulose and cellulose degradation. Lignin degradation peaks were not clearly observed. 

Under air atmosphere, DTG peaks were slightly shifted to lower temperatures. At the same 

time, an additional peak at high temperatures, attributed to the oxidative decomposition of 

charred residue, was detected. Isothermal TGA studies showed higher weight loss for higher 

temperatures and longer exposure times. Equivalent experiments under nitrogen, showed 

lower weight loss in comparison with experiments under air. The thermal behaviour of palm 

and coir was also explored using the TVA technique, under vacuum. Long exposure (12 

hours) to vacuum at room temperature proved to be effective to remove the moisture 

absorbed by the fibres. Similar degradation patterns, in comparison with TGA under nitrogen, 

were observed in the TVA pressure profile. MS and FTIR were used to investigate the 

considerable amount of volatiles from the degradation processes. The main components 

identified were carbon monoxide, methane, hydrogen, carbon dioxide, formaldehyde and 

water. Traces of other volatiles were also identified: methanol, ketenes, acetic acid and long 

aliphatic fragments from unknown long hydrocarbon molecules. Further investigation of the 

fibres analysed in the TVA, under the SEM, revealed high structural degradation of the 

external cells and the secondary layer of internal cells. 
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The analysis of palm and coir fibres, before and after heat-treatment (at 220 °C for 30 min.), 

revealed a decrease of their cross sectional area of approximately 6%. At the same time, no 

significant fibre surface morphology changes were observed using SEM. Single fibre testing 

of palm and coir fibres heat-treated under air atmosphere showed a significant drop in the 

failure strain and tensile strength, especially at processing temperatures above 200 °C. 

Furthermore, above 200 °C, a clear time dependence of the degradation was also observed. 

However, the average fibre Young’s modulus values remained almost constant with heat 

treatment. Coir fibres heat-treated at 220 °C for 30 min. under nitrogen atmosphere showed a 

lower drop in tensile strength and failure strain than the equivalent air treatment. In the case 

of both fibres, these heat treatments at 180-220 °C were mainly associated with the 

degradation of pectins and hemicelluloses, which only affected the high strain region of the 

stress-strains curves. Consequently, this led to a significant drop of the natural fibre tensile 

strength and failure strain, especially after high temperatures and long exposures. The initial 

low strain elastic region, where the Young’s modulus is measured, remained relatively 

unaffected. The direct observation of fibres and the analysis of the tensile data showed that 

the thermal degradation affects the structural integrity and mechanical properties of these 

natural fibres. 
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Figure 1. TVA line diagram. 
 
 
 
 

 
Figure  2.  Thermo-gravimetric  degradation  of  palm,  under  nitrogen  and  air atmospheres, 
at the heating rate of 10 °C min-1. 
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Figure  3.  Thermo-gravimetric  degradation  of  coir,  under  nitrogen  and  air atmospheres, 
at the heating rate of 10 °C min-1. 
 
 
 

 
Figure 4. Isothermal degradation of palm, under air atmosphere, at 180, 200 and 220 °C. 
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Figure 5. TVA degradation profiles of coir and palm fibres. 
 
 
 
 

 
Figure 6. Sub-ambient differential distillation traces for condensable fractions collected from 
palm and coir. 
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Figure 7.  Palm’s  Transmittance  FTIR  spectrum  of  the  recovered  condensable 
fractions separated by sub-ambient differential distillation. 
 
 
 

 
Figure 8.  Coir's  Transmittance  FTIR  spectrum  of  the  recovered  condensable fractions 
separated by sub-ambient differential distillation. 
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(a) (b) 

 
Figure 9. SEM of palm fibre cross sections (a) before and (b) after TVA analysis. 
 
 
 
 

 
Figure 10. Heat treated fibre diameter versus untreated fibre diameter. 
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Figure 11. SEM surface observation of treated and non-treated fibres. 
 
 
 
 
 

  
(a) (b) 

 
Figure 12. Fibre tensile strength versus heat-treatment temperature. (a) Palm (b) Coir. 
 
 
 

(a) Coir (b) Coir Heat-Treated 

(c) Palm (d) Palm Heat-Treated 
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(a) (b) 

 
Figure 13. Fibre strain to failure versus heat-treatment temperature. (a) Palm (b) Coir. 
 
 
 
 

  
(a) (b) 

 
Figure 14. Fibre Young’s modulus versus heat-treatment temperature. (a) Palm (b) Coir. 
  
 
 
 

  
(a) (b) 

 
Figure 15. Typical stress-strain curves for fibres heat-treated in air. (a) Palm (b) Coir. 
 
 


