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Abstract 7 

Oriented short hemp fibre mats were produced using dynamic sheet forming (DSF) 8 

incorporating cellulose nanocrystals (CNCs) to improve their integrity. The CNCs were found 9 

to act as a binder and improve mechanical strength of the mats as well as the strength of 10 

polypropylene matrix composites produced with the mats. Improved thermal stability was also 11 

obtained for composites by using CNC treatment of  fibre mats. 12 

Keywords: Cellulose Nanocrystals, Dynamic Sheet Forming, Compression Moulding. 13 

Introduction 14 

The best tensile and flexural properties are generally obtained for fibre reinforced composites 15 

when the fibre is aligned parallel to the loading direction (Yu, Potter, and Wisnom 2014). 16 

However, the difficulty in getting alignment with short fibres makes randomly oriented fibre 17 

mats more common for natural plant fibre composites (Sunny, Pickering, and Lim 2017). 18 

Recent research has shown dynamic sheet forming (DSF), a method typically used in paper 19 

production, has the potential to produce aligned fibre mats and these mats could be successfully 20 

used in compression moulding with both thermoplastic and thermoset matrices (Le 2016). 21 

Composites with these fibre mats have exhibited higher mechanical performance compared to 22 

composites with random mats and other common short fibre composite manufacturing methods 23 

such as extrusion and injection moulding (Pickering, Efendy, and Le 2016).  24 
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The mechanical strength of the dried hemp fibre mats produced using DSF is weak as friction 25 

is the main force holding the loose hemp fibres together although there is potential for random 26 

fibre entanglement and limited hydrogen bonding (Fortea-Verdejo et al. 2016). The strength of 27 

the mats can be improved using methods such as needle punching or by spraying a polymer 28 

solution onto fibre mats, although this requires substantial infrastructure or use of solvents 29 

(Tekinalp et al. 2014).  30 

An alternative method reported in the literature involves use of bacterial nanocellulose as a 31 

binder (Dai, Fan, and Collins 2013; Lee et al. 2012). Different approaches are being used by 32 

researchers to modify natural fibre surfaces with bacterial nanocellulose: culturing cellulose 33 

producing bacteria in the presence of natural fibres; dipping natural fibres in a suspension 34 

containing bacterial cellulose followed by vacuum filtration; and consolidation and drying to 35 

form the nonwoven mats. If successful, a basic spraying operation would offer greater potential 36 

for ease and improved time-effectiveness with in-line processing of mats. Although there are a 37 

few papers reporting the improvement of mechanical performance of fibre mats when treated 38 

with bacterial nanocellulose, as far as the authors are aware this is the first research to assess 39 

commercial grade nanocellulose treatment of aligned short fibre mats for reinforcement of 40 

composites.  41 

Experimental 42 

Materials  43 

PP random copolymer SKRX3600, supplied by Clariant (New Zealand) Ltd with a melt index 44 

of 18g/10min and a density of 0.9 g/cm3 was used as the matrix material. Maleic anhydride 45 

polypropylene (MAPP), grade A-C 950P, supplied by Honeywell International Inc., USA was 46 
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used as the coupling agent. Commercial grade cellulose nanocrystals (CNCs) that were 47 

provided as dry powder were purchased from Celluforce (Canada).  48 

Methods 49 

Production of the fibre mats including alkali treatment of hemp fibres is detailed in a previous 50 

published work (Sunny, Pickering, and Lim 2020).  51 

Cellulose nanocrystal treatment (CNC) 52 

Two CNC suspensions were investigated: one with 1 wt% CNCs and the other with 2 wt% 53 

CNCs in water. To prepare each CNC suspension, a predetermined amount of CNCs were 54 

added to distilled water and heated to 70 °C (Fig. 1a). The mixture was continuously stirred for 55 

half an hour using a magnetic stirrer, maintaining a temperature range of about 60 to 70 °C 56 

until it formed a homogeneous suspension. This suspension was then allowed to cool down to 57 

room temperature before being transferred into a small container. Application of the 58 

nanocellulose solution was carried out by spraying. Fig. 1b shows the spraying system used for 59 

the treatment. The set up involved support of the small container containing CNC suspension 60 

and a commercially available trigger spray attachment. Based on preliminary trials, the distance 61 

between the spray nozzle tip and the fibre mats was maintained at 450 mm to provide good 62 

coverage of the CNC suspension on the mats. Five spray applications were conducted on each 63 

side of the mat. After spraying on both sides, the mats were oven-dried for 3 h at 105 °C. This 64 

approach delivered 0.088 g (± 0.006) and 0.190 g (± 0.007) of CNCs onto the fibre mats with 65 

1 (CNC1) and 2 wt% (CNC2) CNC treatments, respectively. After oven drying, the mats were 66 

stored in sealed polyethylene bags. 67 
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  68 

Fig. 1 (a) CNC solution preparation (b) CNC treatment 69 

  70 

Fourier transform infrared spectroscopy (FTIR) 71 

Fibre mat was ground to a fine power using a Retsch MM400 ball mill. All the samples were 72 

mixed and compressed with potassium bromide by applying a pressure of 8 tonnes/cm2 to 73 

prepare sample discs for analysis. A PerkinElmer Spectrum One spectrometer was used to 74 

obtain infrared spectra of pure CNC, fibre mats without (CNC0) and with CNC treatments 75 

(CNC1, CNC2). A total of 20 scans were conducted for each sample in transmission mode 76 

from 4000 to 400 cm-1. 77 

Raman spectroscopy 78 

The samples to be analysed were placed on aluminium foil and the laser power was set to 20 % 79 

of maximum. Raman spectra of pure CNC, fibre mats without (CNC0) and with CNC 80 

treatments (CNC1, CNC2) were  acquired using a PerkinElmer RamanStation 400R 81 

spectrometer equipped with an air-cooled CCD detector. Each spectrum was acquired as the 82 

sum of five repeats of 20 s exposure on the same location on the sample.  83 

X-ray diffraction 84 

XRD spectra were obtained using an EMPYREAN diffractometer system (PANalytical) fitted 85 

with a Cu Kα X-ray tube. Fibre mats without (CNC0) and with CNC treatments (CNC1, CNC2) 86 

(a) (b) 
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were analysed. Crystallinity index (Ic ) of the fibres was calculated using the Segal method 87 

(Segal et al. 1959). 88 

Production of PP/MAPP sheets 89 

PP blended with MAPP was formed into sheets using a Labtech 1201-LTE20-44 twin-screw 90 

extruder. The  heating zones of the extruder barrel were set at 155 °C (feed entrance), 165 °C, 91 

165 °C, 165 °C, 165 °C, 170 °C, 170 °C, 170 °C, 170 °C, 170 °C and 170 °C (at exit). The 92 

rotating screw speed was set to 45 rpm. The sheets produced were cut to 150 x 90 mm. In order 93 

to reduce the thickness of these polymer sheets, they were pressed between two aluminium 94 

plates inside a hot press. The average thicknesses of the sheets before and after pressing was 95 

0.56 and 0.29 mm, respectively. The plates were lined with Teflon® sheets to avoid polymer 96 

sheets adhering to the plates. The time, applied pressure and temperature were 5 min, 1.5 MPa 97 

and 140 °C, respectively. After cooling down to room temperature, the polymer sheets were 98 

cut to the size of the mould (150 x 90 mm) used for the production of composites and stored in 99 

sealed bags.  100 

Fabrication of composite materials  101 

The fibre mats were weighed and arranged in a stack (Teflon sheets were used to prevent 102 

adhering of matrix material to the mould) with relative numbers of each according to the 103 

targeted fibre weight percentage. The stacks were then heated in a hot press at 170 °C for 5 104 

minutes at 1 MPa). Table 1 represents the stacking arrangements and the abbreviations used for 105 

composites.  It should be noted that the composites containing fibre content of about 25 wt% 106 

with 2 wt% CNC were heated at 170 °C for 5 minutes and pressed at 1 MPa (H25CNC2) or 2 107 

MPa (H25CNC2##). 108 

 109 

 110 
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Table 1 Abbreviations used for PP/MAPP and composite samples 111 

Samples Targeted 
fibre wt% Stacking arrangements 

Thickness of 
polymer 
sheets 
used/mm 

Production 
process of 
polymer 
sheets 

PP/MAPP - 4PP* 0.56 Extrusion 

H15CNC0 

H15CNC1 

H15CNC2 

15 1PP*/1MAT/1PP*/1MAT/1PP*
/1MAT/1PP* 0.56 Extrusion 

H25CNC0# 

H25CNC2# 

H25CNC2## 

25 

1PP*/1MAT/1PP*/1MAT/ 
1PP*/1MAT/1PP*/ 
1MAT/1PP*/1MAT/1PP*/ 
1MAT/1PP* 

0.29 

Extrusion 

+ 

Pressed 
between two 
aluminium 
sheets 

H30CNC0 

H30CNC1 

H30CNC2 

 

30 

 

1PP*/3MATS/1PP*/ 
3MATS/1PP* 

 

 

0.56 

 

 

Extrusion 

 

H30CNC0# 

H30CNC1# 

H30CNC2# 

1PP*/2MATS/1PP*/2MATS/ 
1PP*/2MATS/1PP* 0.29 

Extrusion 

+ 

Pressed 
between two 
aluminium 
sheets 

 112 

Note the following: In the abbreviations, ‘H’ refers to hemp fibre and the number following ‘H’ is equal to the 113 
nominal weight percentage of fibres in composites. CNC0 = composites without CNC, CNC1 = composites with 114 
1 wt% CNC treated fibre mats, CNC2 = composites with 2 wt% CNC treated fibre mats with polymer sheets of 115 
thickness 0.56 mm. # = composites made with polymer sheets of thickness 0.29 mm. 116 

 117 

 118 

 119 
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Assessment of fibre mats and composites 120 

A Hitachi S-4700 scanning electron microscope, operated at 5 kV, was used to examine the 121 

surfaces of fibre mats and the fracture surfaces of composites. Prior to SEM observation, all 122 

samples were mounted on an aluminium stub using carbon tape and coated with platinum. 123 

Tensile testing of fibre mats and composites 124 

Prior to tensile testing, all samples were conditioned at 23 ± 1 °C and 50 % ± 2 % for 48 hours. 125 

The tensile testing of fibre mats was based on Tappi standard T 404 cm-92. An Instron-4204 126 

universal testing machine fitted with a 10 N load cell and a crosshead speed of 1 mm/min was 127 

used for the testing. Ten strips of 150 x 20 mm were cut from the fibre mats in two directions, 128 

longitudinal and transverse to the rotation direction of DSF (fibre alignment direction). Tensile 129 

strengths for each direction were calculated as the breaking load divided by the width of the 130 

strip.  131 

Procedures detailed in ASTM D 638-03; Standard Test Method for Tensile Properties of 132 

Plastics were followed for testing the composite specimens. An Instron-4204 universal testing 133 

machine fitted with a 5 kN load cell and an Instron 2630-112 extensometer with a gauge length 134 

of 50 mm was attached to the central part of the test specimen for the measurement of strain. 135 

The composite specimens were tested at a cross-head speed of 1 mm/min. A total of five 136 

samples were tested from each batch. 137 

Thermogravimetric analysis (TGA) 138 

Thermogravimetric analysis of the composites without CNC (H15CNC0) and with (H15CNC2) 139 

treatment was carried out using a PerkinElmer simultaneous thermal analyser STA 8000 140 

instrument. A scanning range of 40 to 500 °C with a constant heating rate of 10 °C/min and 141 

airflow at 20 ml/min was used to obtain the data.   142 
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Swelling studies 143 

Swelling studies were carried out to evaluate the interaction between the fibre and matrix in 144 

composites. The test was conducted according to the method reported in the literature with 145 

toluene as the solvent for immersion. (Ghazali and Efendy 2016). Samples with nominal 146 

dimensions of 30 x 5 x 3 mm were used and the dry weights (initial weights, w) of three 147 

replicate samples were measured. The samples were immersed in the solvent at room 148 

temperature for 48 hours and then taken out and wiped with a soft cloth. The weight of solvent 149 

absorbed was recorded and average values obtained. The swelling index of the composite is 150 

calculated using the following equation (John et al. 2008): 151 

Swelling Index, % =
𝐴𝐴𝑠𝑠
𝑤𝑤

 𝑥𝑥 100                                                                                                   (1)   153 

where As = the amount of solvent absorbed. 152 

Results and Discussion 154 

Microscopic evaluation of fibre mats with and without CNCs  155 

The surfaces of fibres with and without CNCs were observed by means of a scanning electron 156 

microscope (SEM). As can be seen in Fig. 2a, a large number of grooves appeared on the 157 

surfaces of fibres without CNC, as commonly seen in literature for alkali treated fibres 158 

(Pickering, Efendy, and Le 2016). Fig. 2b clearly shows the presence of rod-like CNCs on the 159 

fibre surfaces. It appears that a thin layer of CNCs films are covering the fibre surfaces. The 160 

CNCs deposited were measured using ImageJ software (Schneider, Rasband, and Eliceiri 2012) 161 

and were found to have average sizes of 15 (± 6.6) nm in width and 226 (± 66) nm in length. 162 

These dimensions are consistent with that previously reported for cellulose nanocrystals 163 

supplied from the manufacturer (Bardet et al. 2015). Strong interactions between CNCs and 164 

natural fibre surfaces are expected due to the affinity of cellulosic materials through hydrogen 165 
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bonding: a large number of hydroxyl groups available on the CNCs and the fibre surfaces 166 

promotes the potential for hydrogen bonding between them.  167 

(a) 

 

(b) 

 

 168 

Fig. 2 Scanning electron micrographs of fibre surfaces: (a) without CNC and (b) with CNC 169 
treatment 170 

 171 

Fig. 3 shows the scanning electron micrographs of fibre mats without CNC (CNC0) and with 172 

CNC. The fibre mats without CNC appeared to have many gaps between the fibres (Fig. 3a). In 173 
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contrast, the fibre mats with CNCs appeared to have thin films formed between the fibres. Also, 174 

an increase in CNC content (from 1 to 2 wt%) was found to fill more gaps between the fibres 175 

(Fig. 3b compared to Fig. 3c). Generally, the films formed between the fibres within the mats 176 

indicated the potential of CNCs to act as binders and hold loose fibres together. There was also 177 

the indication of the self-organising capability (ability of CNCs to form as a film) of CNCs 178 

(Ross, Mayer, and Benziman 1991); films formed between the fibres consisted of several stacks 179 

of thin CNC films (Fig. 3e).  180 
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 181 

Fig. 3 Scanning electron micrographs of fibre mats: (a)without CNC and (b,c,d,e) with CNC 182 
(CNC1 and CNC2) treatments 183 

 184 
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The CNC was  prepared from wood pulp by sulphuric acid hydrolysis (Bardet et al. 2015). It 185 

is well-known that sulphuric acid hydrolysis could have yielded CNCs with negatively charged 186 

surfaces, enabling them to disperse uniformly in water due to the electrostatic repulsions 187 

(Jordan, Easson, and Condon 2019). The fibre mats after treatment were oven dried at 105 °C 188 

for 3 hours. During the drying process, the evaporation of the suspending fluid (water) takes 189 

place, resulting in deposition of CNCs onto the fibre surfaces and formation of thin films 190 

between the fibres. It has been previously reported that the most notable property of CNCs is 191 

the ability to self-assemble and form as a film (Jativa et al. 2015). However, CNC was not 192 

expected in this research to form a uniform film throughout the mat as the CNC treatment was 193 

carried out by spraying.  194 

Fourier transform infrared spectroscopy  195 

Fourier transform infrared spectroscopic analysis was carried out to assess the chemical 196 

composition of pure CNC and fibre mats with and without CNC treatment. The spectra of the 197 

samples analysed are shown in Fig. 4. The region 3300-3400 cm-1 in the spectra of all samples 198 

can be attributed to the stretching vibrations of the hydroxyl groups and reflects the hydrophilic 199 

nature of cellulosic materials (Chieng et al. 2017). The peak around 2900 cm-1 corresponds to 200 

the stretching vibrations of C-H groups of cellulose (Gu et al. 2017). Although this peak 201 

appeared in the spectra of all samples, slightly higher peak intensity was shown for pure CNC 202 

compared to the fibre mats with or without CNC indicating the highly crystalline nature of pure 203 

CNCs. The peak at 1430 cm-1 corresponds to the CH2 bending vibration. The intensity of this 204 

peak appeared very sharp for the pure CNC followed by fibre mats with CNC treatment. It has 205 

been previously reported that the higher the intensity of this band, the higher the degree of 206 

crystallinity of the sample (Ciolacu, Ciolacu, and Popa 2011). The peaks around 1638 cm-1 are 207 

commonly attributed to the bending vibration of hydroxyl groups (Das et al. 2018) and were 208 

present in the spectra of all samples. The peaks appearing in the range 1330-1360cm-1 in the 209 
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spectra of all samples correspond to the bending vibrations of C-OH groups (Le Troedec et al. 210 

2008). The peaks at 1238, 1058 and 896 cm-1 are associated with the C-H groups bending,        211 

C-H stretching and bending vibrations of cellulose (Alemdar and Sain 2008). These peaks were 212 

present in the spectra of all samples. The 1058 peak appeared in the range 900-1500 cm-1  and 213 

was very strong for pure CNC followed by the fibre mats with CNC and then without CNC. 214 

These results strongly indicate the presence of high crystalline CNCs on the fibre mats. 215 

 216 

Fig. 4 FTIR spectra of fibre mats without (CNC0) and with CNC treatments (CNC1 and CNC2) and 217 
pure CNC 218 

 219 

The strong peaks at 850 cm-1  and 1163 cm-1 in the spectrum of pure CNC indicate the presence 220 

of sulphate groups (SO2 groups). The formation of sulphate ester groups as a result of sulphuric 221 

acid hydrolysis has been previously reported (Niu et al. 2017). It is well known that the 222 

presence of SO2 groups reduce the thermal stability of CNC (Wei et al. 2014). The 223 

disappearance of this peak from the spectra of CNC treated fibre mats indicates that the fibre 224 

mats are free of sulphate groups. This could be due to oven drying of the mats at 105 °C for 3 225 
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h (Bardet et al. 2015).  It has been previously reported that oven drying at 105 °C for only 5 226 

min removed 75 % of sulphur content from CNC films as a result of desulphation (the loss of 227 

negatively charged sulphate ester groups and their replacement by OH groups) (Beck and 228 

Bouchard 2014). 229 

Raman analysis 230 

Raman analysis was carried out mainly to confirm the removal of sulphate groups from the 231 

spectra of CNC treated fibre mats.  Raman spectra of pure CNC, the fibre mats with and without 232 

CNC treatments can be seen in Fig. 5. When compared to the fibre mats without CNC treatment, 233 

the intensity of cellulose peaks at 1098 cm-1, 1120 cm-1, 1374 cm-1 and 2900 cm-1 appeared 234 

sharper for pure CNCs and fibre mats with CNC treatments, supporting the presence of CNCs 235 

on the fibre mats (Agarwal 2017). In the region between 1500 and 2500 cm-1 there appeared no 236 

evidence of peaks for cellulose in the Raman spectra. A similar observation has been previously 237 

reported (Szymanska-Chargot, Cybulska, and Zdunek 2011). The characteristic peaks 238 

associated with the S-S bond of sulphur appeared in the range 400-500 cm-1 in the spectrum of 239 

pure CNC confirming the presence of SO2 groups in CNCs (Xu et al. 2016). The absence of 240 

these peaks from the spectra of CNC treated fibre mats indicated the removal or reduction of 241 

sulphate groups of CNCs. Also, the peaks in the range 1050-1200 cm-1 related to SO2 groups 242 

appeared very weak or absent in the spectra of CNC treated fibre mats and further supports that 243 

the fibre mats were mostly free of SO2 groups (Börjesson et al. 2018).  244 
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 245 

Fig. 5 Raman spectra of fibre mats without and with CNC treatments and pure CNC 246 

 247 

Overall, the combination of FTIR and Raman spectroscopy results indicated that the CNC 248 

treated fibre mats were largely free of sulphur groups or these techniques were not able to 249 

detect the sulphate groups due to the very low levels present.  250 

Cellulose crystallinity index (Ic) 251 

The major peaks for crystalline phases of most cellulosic fibres are generally observed at about 252 

2θ = 15, 17, 22.7 and 35 ° (denoted as ‘a’, ‘b’, ‘c’ and ‘d’, respectively) as shown in Fig. 6, 253 

representing the (110), ( 110 ), (200) and (004) crystallographic planes, respectively for   254 

cellulose I (Beckermann 2007) . As expected, the major crystalline peak (200) of cellulose for 255 

the fibre mats with or without CNC treatments appeared at about 2θ = 22.7 °. In order to 256 

calculate the crystallinity index, the intensity of diffraction of the amorphous material (Iam) was 257 

taken at 2θ = 18.3 ° (denoted as ‘e’ in Fig. 6), where the intensity is minimum. It should be noted 258 

that the crystallinity index is commonly considered for comparison instead of describing 259 

absolute crystallinity (Islam, Pickering, and Foreman 2011). As can be seen in the results 260 
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presented in Table 2, the crystallinity index of the fibre mats increased with CNC treatment. 261 

Such behaviour is expected with the applied treatment, as highly crystalline CNCs are 262 

deposited onto the fibre surfaces.  263 

Table 2 Crystallinity index (Ic) of hemp fibres without and with CNC treatments 264 

Samples Iam (18.3 °) I200 (22.7 °) Crystallinity 
index (%) 

CNC0 1963 255 87 
CNC1 2086 181 91 
CNC2 3664 290 92 

 265 

 

 266 

Fig. 6 X-ray diffraction curves of fibre mats without and with CNC treatments used in 267 
calculating crystallinity index (Ic) 268 

 269 

Fibre mat assessment 270 

Although attempts were made to obtain the tensile strength of the fibre mats without CNC and 271 

with 1 wt% CNC, they were very weak with strength below the accuracy limits of the 272 

equipment. Table 3 displays the average tensile strengths and the ratio of transverse tensile 273 
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strength to longitudinal obtained for the 2 wt% CNC treated fibre mats. The strength was 274 

calculated by dividing the maximum load required to break the mat by its width, as the cross-275 

section area of the fibre mats is not well defined. Improved strength with 2 wt% CNC supports 276 

that the CNC could act as a binder. It has been previously reported that the ratio between 277 

transverse tensile strength (TTS) to the longitudinal tensile strength (LTS) indicates the degree 278 

of fibre orientation (Le 2016). The ratio TTS/LTS for the fibre mats was 0.39 (± 0.27).  279 

Table 3 Tensile strengths of fibre mats with 2 wt% CNC treatment  280 

LTS (kN/m) TTS (kN/m) TTS/LTS 

0.11 (± 0.04) 0.03 (± 0.02) 0.39 (± 0.27) 

Note: LTS: longitudinal tensile strength, TTS: transverse tensile strength. Values in parentheses are the 281 

standard deviations 282 

The weight percentage gains in fibre mats with respect to the CNC treatments are shown in   283 

Fig. 7. The maximum weight gain was found to be approximately 4 wt% when treated with 2 284 

wt% CNC solution.  285 

 286 

Fig. 7 Weight percentage gain in the fibre mats with respect to the CNC treatment 287 

 288 

 289 
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Tensile properties of composites  291 

The average tensile strengths of composites and the matrix only (PP/MAPP) samples are 292 

represented in Fig. 8a. The composite tensile strengths were normalised by the weight 293 

percentage of fibre as shown in Fig. 8b. Tensile strengths of all composites were higher than 294 

that of the matrix only material (Fig. 8a). At a fibre content of 15 wt%, the average tensile 295 

strength of composites with 1 and 2 wt% CNC treated fibre mats increased from 14.8 to 23.6 296 

and 26.5 MPa, respectively, compared to the matrix only material; these were approximately 297 

2.1 and 14.8 % higher than the respective composites without CNC treated fibre mats. However, 298 

the increase of composite tensile strength was only found to be statistically significant 299 

(Student’s t-test) with the inclusion of 2 wt% CNC treated fibre mats. The normalised graph 300 

(Fig. 8b) was used to ensure that the increases in composite tensile strength were due to CNC 301 

addition and not due to variability in the precise fibre content. The improvement in composite 302 

tensile strength with CNC treated fibre mats is thought to be due to the addition of high strength 303 

nanocellulose.  It has previously been reported that the introduction of high strength and high 304 

modulus nanocellulose into composites could enhance the tensile strength and Young’s 305 

modulus of the composites (Ng et al. 2015). 306 

 307 

 308 
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Fig. 8 (a) Average tensile strengths of PP/MAPP and various composites (b) Average tensile 309 
strength/weight percentage# of fibres in composites. # = weight percentage of fibre with CNC 310 
content (normalised). Note the following: composites were approximately 15, 25 and 30 wt% 311 

 312 

In the absence of CNCs, an increase in fibre content significantly increased the composite 313 

tensile strength (c.f PP/MAPP, H15CNC0, H25CNC0 and H30CNC0). Little difference was 314 

observed for the addition of 1wt% CNC. However, the incorporation of 2 wt% CNC treated 315 

fibre mats was found to significantly decrease the composite tensile strength when the fibre 316 

content increased from 15 to 25 wt %. Decreases of composite tensile strength when there is a 317 

higher 34 CNC content, compared to the composites without CNCs, is due to the poor fibre 318 
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wetting by the matrix. This indicates that the CNC films formed among the fibres (see Fig. 2) 319 

within the mats most likely acted as a barrier to the matrix. A further decrease in the tensile 320 

strengths for the composites was observed with the increase in the amount of pressure applied 321 

during compression moulding due to the breakage of fibre mats: 1 MPa to 2 MPa (H25CNC2 322 

compared to H25CNC2*). No reliable data was acquired for the tensile strength of composites 323 

containing CNCs (for either 1 and 2 wt%)  with a fibre content of 30 wt% due to poor 324 

consolidation (see Fig. 9). Among the composites, the highest tensile strength was achieved by 325 

the composites with a fibre content of 30 wt% (H30CNC0 and H30CNC0#) regardless of the 326 

thickness of polymer sheets (0.56 or 0.29 mm).  327 

 328 

Fig. 9 A side cross-section image of 30 wt% composite with CNC sample (cut-edge) displaying 329 
poor consolidation 330 

 331 

The average Young’s modulii of various composites and the control (PP/MAPP) samples are 332 

represented in Fig. 10a. Similar to tensile strengths for the composites, a normalised graph (Fig. 333 

10b) was used to ensure whether there was any change in Young’s modulus for composites due 334 

to CNC addition and not due to variability in the precise fibre content. A similar trend to that 335 

of composite tensile strengths was observed. When compared to composites without CNC, an 336 
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increase by about 16 % was noticed for the composites with 2 wt% CNC and fibre content of 337 

15 wt%, supporting interfacial adhesions between the CNC treated fibre mats and the 338 

PP/MAPP matrix. Fig. 11 shows the stress-strain curves for the composites with and without 339 

CNC treatments. The stiffness of the composites appears to increase with increasing CNC 340 

contents, although the failure strains decreased.  341 
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Fig. 10 (a) Average Young’s modulus of PP/MAPP and various composites (b) Young’s 342 
modulus/weight percentage# of fibres in composites (normalised). # = weight percentage of 343 
fibre with CNC content 344 

 

Fig. 11 Stress-strain curves of 15 wt% composites with and without CNC treated fibre mats 345 

 346 

The scanning electron micrographs of the tensile fracture surfaces of composites without and 347 

with CNC treated fibre mats can be seen in Fig. 12a to 12f. The fracture surfaces of the 15 wt% 348 

composites with CNC treated fibre mats appeared rougher compared to those composites 349 

without CNC treated fibre mats (Fig. 12b, 12c and 12e compared to Fig. 12a and 12d). This could 350 

be an indication that the addition of CNCs had improved the fibre-matrix interfacial adhesion 351 

or at least the interfacial surface area. It has previously been reported that the failure mode for 352 

composites, where there is increased interfacial bonding is more like matrix and fibre tearing 353 

(Heng et al. 2012). However, composites with high fibre and CNC contents appeared to have 354 

very poor fibre wetting (Fig. 12f), suggesting that the CNC films formed between the fibres 355 

acted as a barrier and restricted the flow of the molten polymer through the composites. It is 356 

well known that for the formation of good interfacial adhesion between the fibres and matrix 357 

in a composite, the molten matrix material should ideally flow around and fully wet the fibres. 358 

Poor fibre wetting results in weak fibre-matrix interfaces with defects such as fibre pull-out 359 

and voids, which act as stress raisers, thus reducing the overall mechanical performance of 360 

composites (Juntaro et al. 2012).  361 
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 362 

Fig. 12 Scanning electron micrographs of tensile fracture surfaces of composites: (a,d) without 363 
CNC and (b,c,e,f) with CNC treated fibre mats. Note the following: In the abbreviations, ‘H’ 364 
refers to hemp fibre and the number following ‘H’ is equal to the nominal weight percentage 365 
of fibres in composites. CNC0 = composites without CNC, CNC1 = composites with 1 wt% 366 
CNC treated fibre mats, CNC2 = composites with 2 wt% CNC treated fibre mats 367 

Thermogravimetric analysis (TGA) 368 

Thermogravimetric curves for composites with and without CNC are shown in Fig. 13. Both 369 

composites started losing mass around 260 °C. Above 260 °C up to a temperature of 360 °C, 370 
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an increase in thermal stability for the composites with CNC was observed. This apparent 371 

increase in the thermal stability of the composites is likely to be due to improved interfacial 372 

bonding due to the addition of CNCs, as described in the literature (Ragoubi et al. 2012).  373 

 

Fig. 13 TGA curves for composites with and without CNC treated fibre mats (heating rate of 374 
10 °C/min and airflow at 20 ml/min) 375 

 376 

Swelling studies 377 

As can be seen in Fig. 14, the composites with 2 wt% CNC treated fibre mats had the lowest 378 

swelling indices. This further indicates that the presence of CNCs improved the interfacial 379 

adhesion for composites with 15wt% fibre between the treated fibre mats and the PP/MAPP 380 

matrix. It has previously been reported that the coating of natural fibres with nanocellulose 381 

increases the surface area of the fibres due to its highly crystalline nature, thus resulting in 382 

improved fibre wetting with polymer materials (Papirer et al. 2000; Heng et al. 2012).  383 
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 384 

Fig. 14 Swelling indices for hemp composites. Samples were immersed for 48 h 385 

 386 

Conclusions 387 

This investigation has shown that cellulose nanocrystals can be sprayed onto the fibre mats to 388 

help bind fibres together. The fibre mats possessed an average tensile strength of about 0.11 389 

kNm-1 when treated with 2 wt% CNCs in water, whereas those mats treated with 1 wt% and 390 

without CNCs possess no measurable tensile strength using a 10 N load cell. It appeared that 391 

the addition of CNCs modified the fibre surfaces (CNC coating) as well as filled the gaps 392 

between the fibres within the mats (thin CNC films). The addition of  2 wt% CNC in 15 wt% 393 

composites brought about increases of 15 and 16 % in tensile strength and Young’s modulus, 394 

respectively.This indicates that the CNC addition improved the fibre-matrix interfacial 395 

adhesion. The lower swelling indices and higher thermal stability obtained for the composites 396 

with CNC treated fibre mats compared to those composites without CNC treated fibre mats 397 

also supports the improved interfacial bonding in composites with the addition of CNC. At low 398 

fibre content, the production method of composites with CNC treated fibre mats by 399 

compression moulding was found to be effective and resulted in a good consolidated final 400 

product. However, at high fibre contents, the composites with CNC displayed very poor 401 
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consolidation.  The CNC films formed between the fibres are most likely acting as barriers, 402 

restricting the flow of the molten polymer through the composites resulting in poor fibre 403 

wetting and reduction in tensile strength and Young’s modulus of these composites.  More 404 

research needs to be carried out to further explore the spray pressure and flow rate of the 405 

spraying process. 406 
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