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Abstract 7 

The main objective of this study was to assess the effect of stearic acid vapour treatment on hemp 8 

fibre mats produced using dynamic sheet forming (DSF), and the potential use of these treated mats as 9 

reinforcement in polypropylene matrix composites. Stearic acid was successfully applied through 10 

vapour treatment, appearing to form a layer on fibre surfaces. It was found that the presence of stearic 11 

acid increased hydrophobicity and thermal stability of fibre mats. It was also found to increase 12 

thermal stability of polypropylene matrix composites as well as their strength.   13 

Keywords: Hemp Fibre, Dynamic Sheet Forming, Stearic acid, Polypropylene Composites  14 

1. Introduction 15 

Literature supports that natural plant fibres composites (NPFCs) offer a viable alternative for synthetic 16 

fibre composites due to their low environmental impact, low cost and low density. However, lack of 17 

resistance to moisture absorption limits the potential use of NPFCs for many applications.  Moisture 18 

accumulation in the cell walls of natural fibres leads to fibre swelling with associated loss of 19 

dimensional stability, as well as reduction of interfacial bonding with polymer matrices (Azwa et al. 20 

2013; Efendy and Pickering 2014). This in turn adversely affects stress transfer efficiency (matrix to 21 

fibre) for a composite during loading, leading to reduced mechanical performance (Pickering 2008). 22 

Extensive research has been carried out to attain improved interfacial bonding in NPFCs. Chemical 23 

treatments such as alkaline, silane, acetylation and maleated anhydride grafted coupling agents are 24 

commonly seen in the literature and have the best outcomes obtained to date (Kabir et al. 2012; 25 
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Dhakal, Zhang, and Richardson 2007). Another attractive treatment reported for modifying natural 26 

fibre surfaces is stearic acid (SA) treatment. Research has shown that treatment with SA can be 27 

carried out via solution or vapour phase methods (Zafeiropoulos et al. 2002). The most popular is by 28 

solution, which involves dissolving SA in an appropriate solvent (most commonly in an ethyl alcohol 29 

solution) (Kabir et al. 2012; Li, Tabil, and Panigrahi 2007). However, the vapour phase treatment can 30 

be considered more environmentally friendly as there is no solvent involved. It has previously been 31 

reported that flax fibres that underwent vapour phase SA treatment improved stress transfer between 32 

the fibre and the matrix (polypropylene) compared to those composites with untreated fibres 33 

(Zafeiropoulos et al. 2003). Although there is extensive research (Pickering, Efendy, and Le 2015) 34 

reporting for improvement of interfacial bonding through the use of selected fibre treatments and 35 

coupling agents, as far as the authors are aware, this is the first research to assess stearic acid vapour 36 

treatment of aligned short fibre mats for reinforcement of composites.  37 

2. Experimental 38 

2.1 Materials 39 

Stearic acid, in powder form, with molecular weight of 284.48 g/mol was purchased from Merck 40 

Schuchardt, Germany. The matrix was PP random copolymer SKRX3600 with a melt index of 18 41 

g/10 min and density of 0.9 g/cm3 provided by Clariant (New Zealand) Ltd. The coupling agent used 42 

was A-C 950P maleic anhydride polypropylene (MAPP) supplied by Honeywell International Inc., 43 

USA.  44 

2.2 Methods 45 

Production of fibre mats including alkali treatment of hemp fibres, including the high temperature 46 

treatment (HT/120 °C) used is detailed in published work (Sunny, Pickering, and Lim 2020).  47 

2.2.1 The stearic acid vapour treatment 48 

Prior to stearic acid (SA) vapour treatment, the fibre mats to be treated were dried overnight at 80 °C. 49 

The SA treatment for the mats was carried out using a vapour process. 4 g of stearic acid was spread 50 
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onto an aluminium tray. The fibre mats to be treated were left on a wire mesh that was temporarily 51 

fitted to the top of the tray, as shown in Fig.  1. The set up was entirely covered using an oven bag and 52 

sealed, and then placed in a preheated oven at 105 °C for 36 h; the treatment time and temperature 53 

were selected from a previous study that reported improved stress transfer for NPFCs (Zafeiropoulos 54 

et al. 2002). After the treatment, the mats were removed from the mesh and then oven dried at 50 °C 55 

for 12 h. The weight percentage gain from the treatment was calculated based on the dry weight of the 56 

untreated fibre mats.  57 

 58 

Fig.  1: Setup used for the stearic acid (SA) vapour treatment. 59 

2.2.2 Production of PP/MAPP sheets 60 

PP blended with MAPP was formed into sheets using a ThermoPrism TSE-16-TC twin screw extruder 61 

attached with a sheet die. The five heating zones at the extruder barrel temperatures were set at 145 °C 62 

(feed entrance), 160 °C, 155 °C, 160 °C, 170 °C (feed exit). The twin screws were operated at 45 rpm.  63 

2.2.3 Assessment of fibre mats and composite morphology  64 

The fibre mat surfaces and the microstructure of the tensile fracture surfaces of the samples were 65 

assessed using a Hitachi S-4100 field emission scanning electron microscope operated at 5 kV. Before 66 
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observation, all samples were mounted on aluminium stubs using carbon tapes and then sputter-coated 67 

with platinum to make them conductive. 68 

2.2.4 Fourier transform infrared spectroscopy  69 

A PerkinElmer Spectrum One spectrometer was used to obtain the infrared spectra of the samples. 70 

The fibre mat samples were ground to fine powder using a Retsch MM400 ball mill. The ground 71 

powder for each sample was then mixed and compressed with KBr (potassium bromide) using a 72 

hydraulic press to form a disc for FTIR analysis. Neat stearic acid was also analysed. 73 

2.2.5 Water retention value test 74 

Water retention value (WRV) of fibre mat surfaces was characterised using a method previously 75 

reported for characterising fibre surfaces with stearic acid treatment (Kalaprasad et al. 2004). For the 76 

test, 500 mg of fibre mat was placed in a test tube with 3 ml of distilled water and shaken for 10 77 

minutes. The mat was manually taken out from the test tube and then the wet weight of the mat (𝑤𝑤1) 78 

was measured. The mats were then dried in an oven at 105 °C for 24 h to obtain the dry weight of the 79 

mat (𝑤𝑤2). Three replicate samples were tested for each batch and average values are reported. The 80 

following equation has been used to determine the water retention value: 81 

WRV =
(𝑤𝑤1 −𝑤𝑤2)

𝑤𝑤2
                                                                                                                                      (1) 82 

2.2.6 Contact angle measurement  83 

Contact angle was assessed for neat PP and PP/MAPP sheets and fibre mats. A simple custom 84 

experimental set up, as schematically shown in Fig.  2, was constructed which allowed the 85 

measurement of contact angle with reasonable precision (Lamour et al. 2010). The images for analysis 86 

were captured using a digital mobile camera. A cardboard box was employed for shielding the liquid 87 

droplet (distilled water) from air contaminants and stray light. Additionally, a commercial lamp along 88 

with a filter paper (diffuser) was positioned behind the liquid droplet for uniform lighting. 89 

Measurements were carried out on samples of dimensions 25 x 25 mm at room temperature. The 90 

measurements were repeated three times for each batch. 91 
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 92 

Fig.  2: Schematic diagrams of contact angle measurement set up. 93 

 94 

2.2.7 Composites production 95 

Composite production is detailed in published work (Sunny, Pickering, and Lim 2020). Composites 96 

with fibre contents of approximately 15 and 30 wt% were prepared.  An example of a moulded 97 

composite is shown in Fig.  3. Neat PP samples were also produced for comparison purposes. Stacks 98 

of neat PP samples were heated and pressed in a hot press the same as that of PP/MAPP (the control) 99 

and composite samples (at 170 °C for 5 minutes at 1 MPa). 100 
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 101 

Fig.  3: Hemp composites with 30 wt% fibre content fabricated by compression moulding. 102 

 103 

2.2.8 Composites tensile testing 104 

The procedure detailed in ASTM D 638-03; Standard Test Method for Tensile Properties of Plastics 105 

was followed for tensile testing of specimens. In advance of tensile testing, all the samples were 106 

conditioned at 23 °C ± 3 °C and 50 % ± 5% relative humidity for at least 48 hours. An Instron-4204 107 

tensile testing machine fitted with a 5 kN load cell was used for the testing. The gauge length of the 108 

specimens was 80 mm. An Instron 2630-112 extensometer with a gauge length of 50 mm was 109 

attached to the central part of the test specimen for the measurement of strain. The specimens were 110 

tested at a cross-head speed of 1 mm/min. A total of five samples were tested from each batch. Details 111 

and abbreviations of the samples used can be seen in Table 1. Five samples for each batch of 112 

composites were tested.  113 

 114 

 115 
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Table 1: Abbreviations used for PP, PP/MAPP and composite samples 116 

Sample Abbreviation 

Neat Polypropylene  

PP blended with MAPP coupling agent (the control) 

PP 

PP/MAPP 

PP matrix composite reinforced with alkali-treated hemp PP/H# 

PP matrix composite reinforced with alkali-stearic acid-treated 
hemp PP/H#/SA 

PP/MAPP matrix composite reinforced with alkali-treated hemp PP/MAPP/H# 

PP/MAPP matrix composite reinforced with alkali-stearic acid-
treated hemp PP/MAPP/H#/SA 

Note the following: ‘H’ refers to hemp fibre and the ‘#’ following ‘H’ is equal to the nominal weight percentage of 117 
fibres in composites. For instance, H15 = 15 wt% hemp fibre in composites. 118 

 119 

2.2.9 Thermogravimetric analysis  120 

3 mg and 15 mg samples were taken from each type of fibre mat and composite, respectively and 121 

analysed using a PerkinElmer STA 8000. A scanning range of 40 to 500°C with a constant heating 122 

rate of 10°C/min and air flow at 20 ml/min were used to obtain the data. 123 

2.2.10 Swelling testing 124 

Swelling testing was conducted according to methodology reported in the literature (Ghazali and 125 

Efendy 2016).  Samples with nominal dimensions of 30 x 5 x 3 mm were used. The initial weight, 𝑤𝑤, 126 

and wet weights after immersion in solvent for 48 h at room temperature, 𝑤𝑤s, of three replicate 127 

samples were measured and average values for weight of solvent absorbed, 𝐴𝐴𝑠𝑠 , reported. The 128 

swelling index of the composite was calculated using the following equation: 129 

 130 

Swelling Index, % =
𝐴𝐴𝑠𝑠
𝑤𝑤

 𝑥𝑥 100                                                                                                                       (2)   131 

 132 
where As = 𝑤𝑤s - 𝑤𝑤  133 
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 134 

3.0 Results and Discussion 135 

3.1 Microscopic evaluation of hemp fibre surfaces  136 

SEM micrographs of hemp fibre surfaces are shown in Fig.  4. As can be seen in Fig.  4a, the untreated 137 

(UT) fibres are in fibre bundle forms. In contrast, high temperature alkali treated fibres (HT) appeared 138 

to have undergone separation from their bundles (Fig.  4 4b) due to the removal of localised 139 

components on their surfaces, revealing a rough texture with a large number of grooves (Fig.  4c). It 140 

appears that the stearic acid vapour treatment (HT/SA) resulted in smoother fibre surfaces (Fig.  4d 141 

compared to Fig.  4c). Furthermore, it may be seen that the fibre surfaces appeared to be covered by a 142 

thin layer. This thin layer could be attributed to the presence of stearic acid, which has been deposited 143 

on the fibre surfaces. Similar observations have been reported elsewhere (Zafeiropoulos et al. 2002). 144 

To further investigate this deposition, the fibres treated with alkali only and further treated with 145 

stearic acid were separately exposed to electron beams under high magnification for the same 146 

exposure time (5 s). Three replicate samples were tested. The stearic acid treated fibres appeared to 147 

have undergone less damage than that of the alkali only treated fibres (Fig.  4f compared to Fig.  4e). 148 

suggesting that the stearic acid provided some protection. 149 
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Fig.  4: Scanning electron micrographs of fibre mats: (a) Untreated (UT), (b), (c) and (e) fibres 150 
treated with alkali only, HT and (d) and (f) fibres further treated with stearic acid, HT/SA. Note 151 
the following: HT - high temperature, SA - stearic acid, HT/SA - both HT alkali and SA treated. 152 

3.2 Fourier transform infrared spectroscopy 153 

Detailed comparison of spectra of untreated (UT) and fibres treated with alkali only (HT) have been 154 

provided in published work (Sunny, Pickering, and Lim 2020). Fig.  5 shows the spectra of fibre 155 

(alkali treated) mats without stearic acid (HT) and with stearic acid (HT/SA) and neat stearic acid. In 156 

the spectra of neat stearic acid, high intensity peaks were detected at 1228-1235, 1470, 1705, 2850 157 

and 2920 cm-1 which are commonly assigned in the literature to the carboxylic acids (Hernández et al. 158 
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2019). A few minor differences can be seen between the spectra of the fibre mats; two peaks related to 159 

the stretching vibrations of CH2 groups at 2850 and 2920 cm-1 were more pronounced in the spectra of 160 

fibre mats with stearic acid than those without stearic acid supporting the presence of stearic acid on 161 

the fibre surfaces (Zeng et al. 2013). Assessment of whether reaction between stearic acid and the 162 

fibre had occurred was conducted, for which peaks would expected to appear at around 1733 (C=O) 163 

and 1000-1300 (C-O) cm-1 (Huang et al. 2018). However, such peaks were not noticeable in the 164 

spectra of fibre mats with stearic acid treatment. These observations were similar to the work reported 165 

for flax fibres treated with stearic acid vapour (Zafeiropoulos et al. 2003). The absence of ester 166 

functional groups peaks from the spectra could be due to the very low levels of stearic acid deposited 167 

on the fibre surfaces; the weight percentage gain in the fibre mats obtained after the SA treatment was 168 

around 0.54 % and so the presence of ester bonding between stearic acid and the fibre was 169 

inconclusive. 170 

 171 

Fig.  5: FTIR-spectra of fibre mats: fibres treated with alkali only (HT), fibres treated further 172 
with stearic acid (HT/SA), and neat stearic acid. Note the following: HT - high temperature and 173 
SA - stearic acid.  174 
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3.3 Water retention values 175 

 176 

Fig.  6: Water retention values of fibre mats: fibres treated with alkali only (HT), fibres treated 177 
further with stearic acid (HT/SA). 178 

Fig.  6 represents the average water retention values (WRVs) obtained for the fibre mats without (HT) 179 

and with SA treatment (HT/SA). As can be seen, the water retention value was significantly lower for 180 

the SA treated fibre mats compared to the fibre mats without SA treatment. This indicates that the 181 

fibre surfaces become less hydrophilic with the deposition of stearic acid. It has been previously 182 

reported that the presence of stearic acid on the fibre surfaces could reduce the fibre wetting by water 183 

(Kalaprasad et al. 2004). 184 

3.4 Contact angle measurements  185 

Contact angle measurements for neat PP, PP/MAPP sheets and fibre mats without (HT) and with SA 186 

treatment (HT/SA) are presented in Table 2. As expected, the neat PP films exhibited the 187 

characteristics of hydrophobic surfaces with a contact angle of 116°C. When PP was blended with 188 

MAPP, a significant decrease in the contact angle (88°) was observed. This is most likely due to the 189 

polar functional group (MA) available on the surfaces of PP/MAPP sheets as a result of blending 190 

(Beckermann 2007). It has been previously reported that the availability of polar functional groups on 191 

the film surfaces influences wettability by water (Conceição et al. 2019). Unsurprisingly, the test 192 

liquid (water, Fig.  7a) drop spontaneously spreads onto to the HT fibre mats (see Fig.  7b, left). In 193 

contrast, the water droplets were stable on the fibre mat surfaces that underwent the SA treatment (Fig.  194 
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7b, right) with the largest contact angle of 126° which is assumed to be due to the thin layer of SA 195 

deposited on the fibre mat surfaces changing the innate hydrophilic characteristics of fibre mat 196 

surfaces to become hydrophobic. 197 

Table 2: Summary of contact angle measurements. Standard deviations are shown in parentheses. CA 198 
= contact angle 199 

Samples CA-Left/° CA-Right/° Average CA 

Neat PP 115.8 (3.6) 117.0 (3.2) 116.4 (3.4) 

PP/MAPP 86.8 (1.9) 89.9 (1.9) 88.4 (1.9) 

HT 0 0 0 

HT/SA 126.3 (1.5) 127.3 (5.1) 126.8 (3.3) 

 200 

 

 

Fig.  7: (a) A sample image of water droplet used in the measurement of CAM (b) Photograph 201 
images fibre mats without and with the SA treatment. 202 

Overall, from SEM, FTIR, weight percentage gain, WRV and contact angle measurements it may be 203 

concluded that stearic acid is present on the fibre surfaces and is more likely to be in the form of thin 204 

layers.  205 

3.5 Composites tensile properties 206 

The mechanical properties of the composites tested parallel and perpendicular to main fibre 207 

orientation direction are detailed in published work (Sunny, Pickering, and Lim 2020). Fig.  8a 208 

represents the tensile strengths of neat PP, PP/MAPP and the composites. Composite tensile strengths 209 

normalised by the weight percentage of fibre is shown in Fig.  8b to confirm the change in tensile 210 

(b) (a) 
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strength for composites due to SA addition. It was found that the tensile strength of neat PP was not 211 

significantly affected with the addition of MAPP as confirmed by a Student’s t-test, although the 212 

average tensile strength increased slightly. Table 3 details the percentages of improvement obtained 213 

for the average tensile strengths of composites from fibre inclusion, further fibre treatment (SA 214 

treatment, but not MAPP), coupling agent (MAPP) and the combination of SA and MAPP, along with 215 

those values for composites treated with alkali only (no MAPP and no SA) for comparison. The 216 

inclusion of fibres into neat PP was found to significantly increase the tensile strengths of composites. 217 

 

  

Fig.  8: (a) Tensile strength of composites as a function of various treatments (b) Tensile 218 
strength/weight percentage* of the composites. Note the following: composites were 219 
approximately 15 and 30 wt%, Weight percentage* = weight percentage of fibre mats with or 220 
without SA, SA = stearic acid and MAPP = maleic anhydride polypropylene. 221 
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Table 3: Percentage improvement in tensile strengths of composites over composites with alkali 222 
treated fibre mats only 223 

Samples Average tensile 
strength/MPa Improvement/% 

PP/H15 17.7 - 

PP/H15/SA 20.4 15.3 

PP/MAPP/H15 23.1 30.5 

PP/MAPP/H15/SA 22.9 29.4 

 224 

Average tensile strengths for composites with fibres treated using stearic acid and composites coupled 225 

with MAPP, and the combination of SA and MAPP were higher compared to those treated with alkali 226 

only. The composites with fibres treated with SA (but not MAPP) have shown significant 227 

improvement in tensile strengths; increased by about 15 % compared to those composites with fibres 228 

treated using alkali only. The composites coupled with MAPP had the highest improvement in tensile 229 

strengths; increased by approximately 31 % compared to those composites with fibres treated using 230 

alkali only. However, composites with the combination of SA and MAPP did not show further 231 

improvement compared to composites coupled with MAPP only (see Fig.  8b).  232 

The improvement in tensile strengths for composite with fibres treated with SA (without MAPP) from 233 

various studies seen in the literature is believed to be due to improved compatibility resulting in 234 

improved fibre wetting by the matrix (Zafeiropoulos et al. 2003). As aforementioned, the fibre 235 

surfaces were less hydrophilic after the SA treatment supporting better interfacial compatibility 236 

between the fibre and the matrix than for the fibres with alkali treatment only (Zafeiropoulos, Baillie, 237 

and Matthews 2000; Dányádi, Móczó, and Pukánszky 2010). The possible interactions between the 238 

fibre surfaces, stearic acid and the matrix are shown in Fig.  9a. The SA could react with available OH 239 

groups on the fibre surfaces to form ester bonds (Raj et al. 1989). There are chances of partial 240 

entanglements of aliphatic chains of SA with the polymer chains of the matrix (PP) [8, 22]. 241 

Furthermore, the stearic acid molecules present on the fibre surfaces may reduce volatiles such as 242 

moisture from being adsorbed onto the fibres. The volatiles can desorb easily at the processing 243 

temperature of NPFCs, resulting in voids leading to the poor fibre-matrix interfaces [23].  244 
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 245 

  

  

Fig.  9: Possible interactions of (a) stearic acid, natural fibre and PP (1 - neat SA, 2 - SA dimer, 3 246 
- neat PP, 4 - natural fibre surfaces, 5 - ester bond formed with fibre surfaces, 6 - potential of 247 
hydrogen bonding), 1 and 3- partial entanglements of aliphatic chains of SA with the polymer 248 
chains of PP) (b) MAPP and OH groups on the natural fibre surfaces. 249 

 250 

The highest improvement of tensile strength obtained was for composites with MAPP.  As is well 251 

documented, MAPP acts as a bridge between the matrix and the fibres, improving the fibre-matrix 252 

(a) 

(b) 
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adhesion, thus facilitating better stress transfer to provide improved tensile strength. Coupling occurs 253 

though the anhydride group (MA monomers) at one end which can react strongly through strong 254 

covalent ester-linkage plus potential hydrogen with the hydroxyl group present on the fibre surfaces 255 

(Fig.  9b), whilst the long polymer chains of MAPP can interact with the PP by means of chain 256 

entanglement.  257 

Although the composites with the combination of SA and MAPP did not show further improvement 258 

of tensile strength over that obtained using just MAPP, the standard deviation for tensile strength was 259 

smaller. This suggests that the combination of better fibre wetting due to stearic acid and improved 260 

bonding through MAPP results in more consistent interaction between fibre and matrix. 261 

Fig.  10a shows Young’s modulus for neat PP, PP/MAPP and all composites tested. Similar to the 262 

tensile strength, Young’s modulus of the composites was normalised by the fibre weight percentage as 263 

shown in Fig.  10b. As for tensile strength, the addition of MAPP did not significantly affect Young’s 264 

modulus of neat PP. Only slight improvement in Young’s modulus for composites with fibres treated 265 

with SA and composites coupled with MAPP and the combination of SA and MAPP is obtained. This 266 

suggests that the improvement in interfacial strength did not substantially influence Young’s modulus 267 

for composites (Beckermann 2007; Ghazali and Efendy 2016). 268 

 269 
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Fig.  10: (a) The Young’s modulus of various composites as a function of various treatments (the 270 
composites were approximately 15 and 30wt %) (b) Young’s modulus/weight percentage* of 271 
composites. Weight percentage* = weight percentage of fibre mats with or without SA. 272 

 273 

Scanning electron micrographs of tensile fractured surfaces for composites are shown in Fig.  11. The 274 

composites with fibres treated with alkali only (Fig.  11a) had lots of fibre pull-out with large holes, 275 

suggesting very weak fibre/matrix interfacial adhesion. In contrast, that the composites with SA 276 

treated fibres without MAPP (Fig.  11b) had much less pull-out suggesting improved fibre/matrix 277 
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interfacial adhesion relating to improved fibre wetting.  Even less pull-out was observed with MAPP 278 

(Fig.  11c) supporting improved fibre/matrix interfacial adhesion; very few short fibres were observed 279 

at the interface as the majority of the fibres are covered up by the matrix. Little change was observed 280 

for composites with the combination of SA and MAPP (Fig.  11d) suggesting similar fibre/matrix 281 

interfacial adhesion. 282 

 283 

a 

 

b 

 

c 

 

d 

 

 284 

Fig.  11: SEM images of tensile fracture surfaces for composites: (a) with fibres treated with alkali 285 
only (b) with fibres further treated with SA, (c) with coupling agent MAPP and (d) with the 286 
combination of SA and MAPP.  287 

 288 
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3.6 Thermogravimetric analysis of fibre mats and composites  289 

The TGA curves for the fibres without (HT) and with SA treatment (HT/SA) are shown in Fig.  12a; 290 

fibre weight was maintained for the fibres until around 328°C and 332°C, respectively. By 380°C, the 291 

fibres without SA treatment had lost almost 93% of their initial weight compared with 86% for fibres 292 

with SA treatment indicating improved thermal stability of fibres with SA treatment. Improvement 293 

has also been seen in the literature using SA such that SA vapour treatment had a profound effect on 294 

the thermal stability of the fibres (Zafeiropoulos, Baillie, and Matthews 2000). This could be 295 

explained by SA reducing the oxidative  decomposition of charred residue (Rachini et al. 2009). 296 

However, as the thermal degradation of cellulosic materials is complex, more research would be 297 

required to elucidate the mechanisms involved. 298 

 299 

 

(a) 
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Fig.  12: TGA analysis of (a) fibre mats and (b) composites. 300 

 301 

TGA curves for neat PP, composites with MAPP and with the combination of SA and MAPP are 302 

shown in Fig.  12b. The thermal degradation of neat PP and the composites was initiated at around 260 303 

°C. The initial 10% of weight loss was at higher temperatures for composites (295 °C and 310 °C for 304 

the composites with MAPP only and combination of SA and MAPP treatment, respectively) than for 305 

neat PP (280 °C); the increased thermal stability of fibre improved that of PP. It has also been 306 

reported that the incorporation of fibres can immobilise free radicals formed as a result of the 307 

initiation of polymer degradation, improving the thermal stability of composites and hemp fibre 308 

inclusion has been seen to increase thermal resistance of PP elsewhere (Mofokeng et al. 2012). 309 

3.7 Swelling studies  310 

Interfacial strength between fibre and the matrix in composites can be correlated to swelling index. 311 

This is related to the presence of voids at weak interfaces, commonly promoting solvent uptake 312 

(Bhattacharya, Rawlins, and Ray 2008; Jacob, Thomas, and Varughese 2006). As can be seen in Fig.  313 

13, the swelling indices for composites with SA only, composites with MAPP and the combination of 314 

SA and MAPP were lower compared to those composites with alkali only, supporting a further 315 

improvement for interfacial strength obtained. The composites coupled with MAPP had the lowest 316 

swelling index followed by composites with SA only. Swelling index for the composites with 317 
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combination of SA and MAPP was slightly lower compared to the composites with MAPP only. 318 

However, this reduction was found to be insignificant (confirmed by Student’s test). 319 

 320 

Fig.  13: Swelling index for hemp composites (fibre content of 15 wt%).  321 

Immersion of samples was 48 h. 322 

 323 

4.0 Conclusions 324 

Stearic acid vapour treatment brought about a weight percentage gain (0.54 %) with SEM providing 325 

evidence of modification at fibre surfaces in the form of a thin layer. SA treatment was found to 326 

increase thermal stability of fibres and drastically increase the contact angle with water indicating that 327 

the treatment strongly reduces their polar interaction ability. 328 

Composites with MAPP coupling agent exhibited the highest tensile strength. However, in the 329 

absence of MAPP, the composites with fibres treated with stearic acid were significantly stronger   330 

(15 %) than the composites with fibres treated with alkali only. This indicates that stearic acid could 331 

act as a coupling agent through improving fibre wettability increasing the contact between fibre and 332 

matrix to improve strength, but not as effective as maleic anhydride polypropylene. Although the 333 

composites made with a combination of stearic acid and maleic anhydride polypropylene did not 334 

exhibit any additive benefits for tensile strength, there was a noticeable reduction in the standard 335 

deviation in tensile strength. This indicates potentially more reliable wetting of fibres by the matrix 336 
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with the addition of stearic acid providing better uniformity of adhesion. Improved thermal stability 337 

was also seen for SA treated fibre composites. Stearic acid, being low cost and renewable, could be a 338 

viable alternative to maleic anhydride polypropylene in applications where maximising strength is not 339 

the only parameter being optimised, however caution would be needed in the presence of moisture. 340 

Additionally, stearic acid treatment using vapour is recommended, as it minimised the amount of 341 

stearic acid needed and avoids the need to use a solvent.  342 
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