
Accepted Manuscript

Title: Dynamic-mechanical and thermomechanical properties
of cellulose nanofiber/polyester resin composites

Author: Alessandra Lavoratti Lisete Cristine Scienza Ademir
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Abstract: Composites of unsaturated polyester resin (UPR) and cellulose nanofibers 22 

(CNFs) obtained from dry cellulose waste of softwood (Pinus sp.) and hardwood 23 

(Eucalyptus sp.) were developed. The fiber properties and the influence of the CNFs in 24 

the dynamic-mechanical and thermomechanical properties of the composites were 25 

evaluated. CNFs with a diameter of 70-90 nm were obtained. Eucalyptus sp. has higher 26 

α-cellulose content than Pinus sp. fibers. The crystallinity of the cellulose pulps 27 

decreased after grinding. However, high values were still obtained. The chemical 28 

composition of the fibers was not significantly altered by the grinding process.  29 

Eucalyptus sp. CNF composites had water absorption close to the neat resin at 1 wt% 30 

filler. The dynamic-mechanical properties of Eucalyptus sp. CNFs were slightly 31 

increased and the thermal stability was improved.  32 

 33 

Keywords: cellulose nanofiber (CNF), unsaturated polyester resin (UPR), composites, 34 

cellulose waste, mechanical fibrillation 35 
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1 INTRODUCTION 47 

 48 

Cellulose is the most abundant natural polymer on Earth, with an estimated biomass 49 

production of 7.5 × 1010 ton/year (Jia et al., 2014). In Brazil, cellulose is the main 50 

source material for paper production. In the first two months of 2014, the cellulose pulp 51 

production in Brazil reached approximately 2530 × 10³ ton, being 2136 × 10³ ton of 52 

hardwood (Eucalyptus sp.) pulp and only 310 × 103 ton of softwood (Pinus 53 

sp.)(Bracelpa, 2014). As such, it is interesting to transform pulp waste into a more 54 

valuable material. One of the possibilities is to obtain nanocellulose from such 55 

materials.  56 

Nanocelluloses are a novel material with good potential for composite applications due 57 

to their interesting properties, such as high rigidity, low thermal expansion and high 58 

surface area, all in at least one nanoscale – i.e. smaller than 100 nm – dimension 59 

(Klemm et al., 2011; Li, Song, Li, Shang, & Guo, 2014). One of the most often studied 60 

methods for obtaining nanocelluloes is acid hydrolysis, which yields highly crystalline, 61 

rod-like particles called cellulose nanocrystals (CNCs) (Lavoine, Desloges, Dufresne, & 62 

Bras, 2012; Kargarzadeh, Sheltami, Ahmad, Abdullah, & Dufresne, 2015). However, 63 

this is a costly process with a great amount of waste materials. Several alternatives to 64 

obtain nanocelluloses have been extensively studied, particularly those to produce 65 

cellulose nanofibers (CNFs), which, in contrast to CNCs, are a network of nanofibrils, 66 

often with diameter within nanoscale dimensions and a length of several micrometers 67 

(Klemm et al., 2010; Abdul Khalil et al., 2014). One of the most cost-efficient methods 68 

for obtaining CNFs was developed by Jonoobi, Mathew & Oksman (2012). The authors 69 

successfully obtained CNFs from paper industries sludge material using mechanical 70 
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grinding only. This may be a possibility for an easier way toprocess CNFs and use them 71 

in polymer composites. 72 

The application of nanocelluloses in thermoset polymer composites is a recent trend. 73 

Some problems found to obtain these composites are related to the difficulties in 74 

dispersing highly hydrophilic nanocelluloses into essentially hydrophobic polymer 75 

matrices (Hietala, Mathew & Oksman., 2013; Ashori, Babaee, Jonoobi, & Hamzeh, 76 

2014). Moreover, the CNF gels obtained through grinding are about 97% water, and 77 

thus cannot be dispersed in most of the polymers. The removal of water from these gels 78 

is quite difficult since air drying yields a network of irreversibly agglomerated fibers 79 

that cannot be dispersed (Eyholzer et al., 2010). Peng et al. (2013) have suggested 80 

freeze drying, spray drying and supercritical drying as alternatives to air drying. Among 81 

these mentioned methods, only supercritical drying was able to produce a network of 82 

individual CNFs maintaining their nanometric dimensions. Although supercritical 83 

drying is expensive, it is the most appropriate method for drying CNFs and dispersing 84 

the particles in polymers (Peng, Gardner, & Han, 2012; Peng et al., 2013).  85 

Several studies with thermoset resins and nanocelluloses have been developed, such as 86 

nanocellulose/epoxy resin and cellulose nanofiber/polyester resin. Lu, Askeland, & 87 

Drzal (2008) studied the application of microfibrillated cellulose (MFC) in epoxy 88 

resins. The authors reported an increase in the storage rubbery modulus from 9.7 MPa 89 

(neat resin) to approximately 37 MPa when using 5 wt% MFC with no surface 90 

treatments. Chirayil, Mathew, Hassan, Mozetic, & Thomas (2014a) isolated CNCs from 91 

Helicteres isora fibers through steam explosion followed by acid hydrolysis, and 92 

obtained an increase in the glass transition temperature by 10 °C with only 0.5 wt% of 93 

filler when compared to the neat resin. On another study involving the use of polyesters 94 

and nanocellulose, Kargarzadeh et al. (2015) produced CNCs from kenaf bast also 95 



Page 5 of 31

Acc
ep

te
d 

M
an

us
cr

ip
t

5 
 

through acid hydrolysis for applications in unsaturated polyesters and found that the 96 

addition of 2 wt% of CNCs increased the storage modulus of the composites by 22% 97 

when compared to the neat polymer. The aim of this study is to obtain CNFs from dried 98 

cellulose wastes from unbleached Pinus sp. and bleached Eucalyptus sp. employing 99 

mechanical grinding and supercritical drying to prepare CNF/UPR composites. The 100 

thermal stability (TGA), chemical structure (FTIR) and crystallinity (XRD) were 101 

performed to characterize the fibers and differential scanning calorimetry, as well as 102 

dynamic-mechanical and thermomechanical characterizations were done for the 103 

composites. 104 

 105 

2 MATERIALS AND METHODS 106 

 107 

2.1 Materials 108 

 109 

Unbleached Pinus sp. pulp was provided by Trombini S.A. (RS, Brazil) and bleached 110 

Eucalyptus sp. pulp was obtained from Celulose Rio Grandense (RS, Brazil), both 111 

dried. Orthophtalic-based unsaturated polyester resin (UPR) (UCEFLEX UC 5530-M) 112 

was provided by Elekeiroz (SP, Brazil), with a maximum styrene content of 45% and 113 

viscosity of 90-120 cP. Curing promoter methylethylketone peroxide Butanox LPT 114 

(MEKP) supplied by Disfibra (RS, Brazil) and catalyst dimethylaniline (DMA) from 115 

Disfibra (RS, Brazil) were used without further purification. Alcohol 96 °GL was used 116 

in the solvent exchange steps, and liquid CO2 (95% purity) was used as supercritical 117 

fluid. 118 

 119 

2.1.1 Cellulose nanofiber preparation 120 
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 121 

Cellulose nanofibers were prepared by grinding. Cellulose waste (180 g) was used as 122 

received and dispersed in 6 L of water (3% wt/v) and left to swell overnight. The 123 

suspension was fed in a Masuko MKCA 6-2 (Masuko Sangyo, Kawaguchi, Japan) 124 

grinder adapted to a recirculation pump. The suspension was ground for 4 h, under 125 

rotation of 2,500 rpm and grinding area set to contact mode to promote fibrillation until 126 

gel was formed. 127 

 128 

2.1.2 Supercritical drying of CNFs 129 

 130 

Solvent exchange steps of 0/100, 25/75, 50/50, 75/25, 100/0 (ethanol/water) with         131 

96 °GL alcohol were performed in intervals of 24 h. Supercritical drying was carried in 132 

a Superfluid Technologies STF-150 supercritical extractor. A vessel of 1 L was fed with 133 

800 mL ethanol/CNF suspension and the initial temperature and pressure were set to           134 

45 °C and 135 bar, within the supercritical fluid region of the mixture ethanol/CO2. 135 

Supercritical drying was carried in alternating static and dynamic extraction steps. The 136 

suspension was left for 2 h in static mode until the operational conditions were 137 

stabilized. After that, dynamic extraction was performed for 1 h, followed by another 138 

static extraction period of 1 h. These steps were repeated 4 times or until no solvent was 139 

left in the vessel. Low decompression at a rate of 0.8 bar/min was carried overnight. The 140 

dried CNFs were oven dried for 24 h at 50 °C to remove the remaining humidity. In this 141 

study, CNFs obtained from Pinus sp. pulp were named CNF-P and CNFs obtained from 142 

Eucalyptus sp.pulpwere named CNF-E. 143 

 144 

2.1.3 Composites preparation 145 
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 146 

The CNFs were dispersed in 100 mL of UPR at concentrations of 0.5, 1 and 2 wt% 147 

under mechanical stirring at 1,500 rpm for 40 min. The UPR/CNF suspensions were 148 

taken to a vacuum oven for 30 min at -0.4 bar, in order to remove the air bubbles 149 

remaining from the mechanical stirring, and left to settle for 24 h prior to molding. 150 

MEKP (1 wt%) was added to the suspensions and manually stirred for 1 min, followed 151 

by the addition of 0.1 wt% DMA. The composites were molded by casting in rubber 152 

silicone molds with dimensions of 130 mm x 13 mm x 4 mm. Curing of the composites 153 

was performed in situ for 24 h at room temperature followed by two post-curing steps at 154 

80 °C for 6 h and at 120 °C for 2 h. 155 

 156 

2.2 Fiber characterization 157 

 158 

The chemical composition of the cellulose pulp was calculated according to TAPPI T-159 

203 CM-99 standards. Bleached Eucalyptus sp. pulp was characterized as received. 160 

Unbleached Pinus sp. pulp was bleached and delignified according to TAPPI T-236 161 

standards in order to obtain the Kappa number and the Klason lignin content. The 162 

weight percentages of α-, β- and γ-celullose, humidity and lignin were evaluated.  163 

The density of the aerogels was obtained by measuring the mass and the volume of five 164 

samples obtained from supercritical drying. 165 

The changes in the chemical composition of the fibers before and after grinding were 166 

evaluated by Fourier transform infrared spectroscopy (FTIR) using a Nicolet IS10 167 

Thermo Scientific spectrometer. The wavenumber range analyzed was 400 cm-1 to 4000 168 

cm-1. 169 
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Thermogravimetric analysis (TGA) was performed to evaluate the changes in thermal 170 

stability of the samples. The tests were performed in a Shimadzu TGA-50 equipment, at 171 

a rate of 10 °C/min, temperature range from 25 °C to 800 °C and N2 atmosphere. 172 

The crystallinity of the fibers was evaluated by X-ray diffraction (XRD) in a Shimadzu 173 

XRD-600 equipment (Cu Kα = 0.1542 nm, 40 kV, 30 mA, 2°≤ 2θ ≤ 50°, 0.05°.2s-1). 174 

The crystallinity index was calculated according to the empirical formula proposed by 175 

Segal, Creely, Martin, & Conrad (1959) in the Equation 1 below: 176 

 177 

                  (1), 178 

 179 

where is the peak intensity corresponding to the  plane at a diffraction angle 180 

of , and  is the intensity of the valley between the peaks corresponding to 181 

the  and  planes at a diffraction angle of . 182 

Scanning electron microscopy with field emission gun (FEG-SEM) (Tescan, MIRA 3) 183 

was used to evaluate the morphology of the fibers and the composites.  184 

 185 

2.3 Composites characterization 186 

 187 

Physical characterization of the composites was performed according to ASTM  D792-188 

13 standards, with test specimen dimensions of 25 x 12.7 x 4 mm³. The samples were 189 

oven-dried at 50 °C for 24 h to measure the initial humidity of the samples. Density was 190 

calculated according to Archimedes formula presented by the Equation 2: 191 

 192 

 (2), 193 
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 194 

where  is the density,  is the fluid density ( ),  is the weight of the dry 195 

sample and  is the weight of the submerged sample. Water absorption tests were 196 

performed with the same specimens according to ASTM D570-10. The composites 197 

remained in water for 4 weeks. Water absorption was calculated according to Equation 198 

3: 199 

 200 

                         (3), 201 

 202 

where  is the initial weight and  is the final weight of the samples.  203 

 204 

2.4 Dynamic-mechanical characterization 205 

 206 

The viscoelastic properties of the composites were evaluated in a TA Instruments Q800 207 

AT DMA equipment in a single cantilever clamp, with test specimen dimensions of 35 208 

x 10 x 4 mm³, according to ASTM D4065-12. The tests were performed in non-209 

isothermal mode at a temperature range from 30 °C to 190 °C, rate of 3 °C/min, with 210 

deformation amplitude of  0.1%. The frequencies analyzed were 1, 10 and 100 Hz.  211 

Activation energy of the composites was calculated from the data of the tan delta peaks 212 

at different frequencies according to the Arrhenius correlation in Equation 4: 213 

 214 

                         (4), 215 
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where  is frequency of the analysis,  is the experimental constant,  is the activation 216 

energy (J.mol-1),  is the ideal gas constant (8.314 J.mol-1.K-1) and  is the tan delta 217 

peak temperature (K). 218 

 219 

The activation energy values were calculated assuming a linear correlation by plotting 220 

 versus  on Microsoft Excel. 221 

 222 

2.5 Thermomechanical characterization 223 

 224 

The thermomechanical analyses were performed according to ASTM E831-14 using a 225 

Shimazdu TMA-60 equipment, in a temperature range from 30 °C to 170 °C, at a rate of 226 

5 °C/min, at a constant load of nearly 5 N. The mean coefficient of thermal expansion 227 

(CTE) was calculated with the aid of the software TA60WS (TA Instruments), 228 

according to Equation 5: 229 

 230 

                         (5), 231 

 232 

Where  is the coefficient of linear thermal expansion (CTE) (10-6.°C-1), is the 233 

calibration coefficient,  is the sample length at room temperature (μm),  is the length 234 

variation of the sample (μm) and  is the temperature variation of the sample (°C). 235 

 236 

3 RESULTS AND DISCUSSION 237 

 238 

3.1 Fiber characterization 239 
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 240 

The chemical composition of cellulose waste products was analyzed. The α, β and γ-241 

celullose percentages, Klason lignin and humidity of the pulp samples were analyzed. 242 

Pinus sp. had a content of 72.71 ± 1.36, 26.34 ± 1.39 and 0.95 ± 0.03 (wt%) of α, β and 243 

γ-celullose, respectively, and humidity content of 4.61 (wt%). The Klason lignin content 244 

for Pinus sp. was 6.16 ± 0.26 (wt%). Eucalyptus sp. had a content of 92.57 ± 0.39,           245 

7.26 ± 0.38 and 0.17 ± 0.027 (wt%) of α, β e γ-celullose, respectively, and humidity 246 

content of 4.17 (wt%).  247 

Generally speaking, α-, β- and γ- celluloses constitute what is known as holocellulose 248 

(cellulose and hemicelluloses) (Hook et al., 2015; Horvath, 2006). According to Table 249 

1, Eucalyptus sp. fibers have higher α-cellulose content than Pinus sp. fibers. Naturally, 250 

Pinus sp. waste was received in its unbleached form so it is expected to have lower α-251 

cellulose and higher β- and γ- celluloses contents, as well as some remaining lignin 252 

(Vila, Romero, Francisco, Garrote, & Parajó, 2011). The results are in accordance to 253 

those found by Tonoli et al. (2012), who found a content of 92.2% of α-cellulose for 254 

bleached Eucalyptus urograndis fibers. The greater amount of α-cellulose found for 255 

bleached Eucalyptus sp. fibers can be a positive characteristic for the production of 256 

nanocelluloses. 257 

FTIR spectra and thermogravimetric analysis of cellulose waste and the respective 258 

CNFs were obtained and they are presented in Figure 1.  259 

 260 
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 261 
Figure 1 – FTIR spectra and thermogravimetric analysis of cellulose pulps and CNFs. 262 

 263 

The main bands and their corresponding events have been extensively studied in the 264 

literature: the broad band at 3340 cm-1 is related to the stretching vibration of the O-H 265 

bonding of cellulose and absorbed water (Chirayil et al., 2014b; Soni, Hassan, & 266 

Mahmoud, 2015). The band at 2900 cm-1 is attributed to the stretching vibration of the 267 

C-H bonding of cellulose (Ashori et al., 2014; Nasri-Nasrabadi, Behzad, & Bagheri, 268 

2014). The peak at 1640 cm-1 is related to the O-H bending vibration of the absorbed 269 

water (Jiang & Hsieh, 2013; Jonoobi et al., 2011). At 1430 cm-1 there is the symmetrical 270 

bending of the CH2 groups of cellulose (Kargarzadeh et al., 2015). The peak at          271 



Page 13 of 31

Acc
ep

te
d 

M
an

us
cr

ip
t

13 
 

1370 cm-1 is attributed to the C-H bending in cellulose, and the peak at 1315 cm-1 is 272 

related to the CH2 wagging (Chen, Hu, Jang, & Grant, 2015; Soni et al., 2015).  The 273 

peak at 1030 cm-1 is related to the C-O deformation at C6 in cellulose (Chen et al., 274 

2015), and finally, at 895 cm-1, there is the small peak related to the β-glycosidic 275 

linkages between the monosaccharides of cellulose (Chen et al., 2015; Romanzini, 276 

Ornaghi Jr, Amico & Zattera, 2012). Overall, the chemical composition of the fibers 277 

before and after grinding and supercritical drying was not changed. 278 

Thermogravimetric analysis was done to characterize the thermal behavior of cellulose 279 

pulp waste and CNFs. Three main weight loss events can be observed: at 65°C, related 280 

to the evaporated water of the samples; at 362 °C, attributed to the dehydration of 281 

cellulose by an endothermic process, followed by the thermal depolimerization of 282 

cellulose; and at 374 °C onwards, related to the thermal decomposition of cellulose into 283 

D-glucopyranose monomers (De Rosa et al., 2011; Peng et al., 2013; Ashori et al., 284 

2014). 285 

Table 1 shows the maximum degradation temperature and weight loss of all samples.  286 

 287 

Table 1 288 
 Main weight loss events and the respective maximum degradation temperature (Tmax) for cellulose pulps 289 
and their CNFs 290 

First event Second event Third event 
Sample 

Tmax (°C) Weight loss (wt%) Tmax (°C) Weight loss (wt%) Weight loss (wt%) 

Pinus sp. 65 5.8 362 68.2 23.1 

Eucalyptus sp. 53 5.6 362 72.5 18.5 

CNF-P 60 5.8 355 68.0 15.4 

CNF-E 53 6.2 355 77.3 9.9 

 291 

CNFs were less thermally stable than their starting materials and CNF-E had higher 292 

weight loss. The reason for this behavior is that supercritical drying yields a more 293 

fibrillated and open network, with higher specific surface area, which facilitates 294 
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degradation, whereas in the cellulose pulp, a charcoal film is formed on the surface, 295 

acting as a barrier to the heat and mass transfer phenomena, yielding fibers with higher 296 

thermal stability (Peng et al., 2013). 297 

X-ray diffraction analysis was performed and the crystallinity index of cellulose pulp 298 

and CNFs was calculated. The highest overall crystallinity index was found for 299 

Eucalyptus sp. pulp (83.5%), and Pinus sp. has a CrI of 74.1%. The crystallinity indexes 300 

of CNF-P and CNF-E were 72.8% and 78.3%, respectively. The crystallinity of the 301 

CNFs is lower than those of the original fibers. In lignocellulosic materials, cellulose 302 

presents a structure with crystalline arrangements whereas hemicelluloses and lignin are 303 

mostly non-crystalline (amorphous) (Poletto, Zattera, Forte, & Santana, 2012). CNFs 304 

obtained in mechanical processes often have a higher amount of amorphous structures, 305 

in contrast to the nanocelluloses obtained from acid hydrolysis, for example, which 306 

exhibit high crystallinity due to the amorphous structures being attacked by strong acids 307 

(Moon, Martini, Naim, Simonsen, & Youngblood, 2011; Lavoine et al., 2012). 308 

Moreover, mechanical processes can break down some crystalline parts of cellulose, 309 

leaving the CNFs with a higher amount of amorphous structures (Iwamoto, Nakagaito, 310 

& Yano, 2007; Lengowski, Muniz, Nisgoski, & Magalhães, 2013). Qing et al. (2013) 311 

found the same behavior when submitting Eucalyptus pulp to grinding and 312 

microfluidization processes. The authors obtained a crystallinity of 47% for the 313 

micronized pulp. As such, it is possible that the degradation of the crystalline and 314 

amorphous parts of the cellulose pulp during the micronizing steps occurred. 315 

Nevertheless CNFs with high crystallinity (above 70%) were obtained, which may be 316 

advantageous to the properties of the composites. 317 

FEG-SEM micrographs can be seen in Figure 2. It is clearly observed that a reduction in 318 

size occurred. Both CNFs have nanofibrils with diameters from 70 to 90 nm. Still, it is 319 
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possible to note some differences between CNF-P and CNF-E. The latter seems to form 320 

a more open network of fibrils, whereas CNF-P looks agglomerated. This could be due 321 

to the presence of lignin from the Pinus sp. pulp, which may not be as easily micronized 322 

as bleached Eucalyptus sp. fibers. As such, it is strongly suggested to properly bleach 323 

and delignify brown cellulose before grinding. It is also noted that CNF-P seems to have 324 

more straight-like fibers, in contrast to CNF-E, which appears to have shorter, bent 325 

fibers. As they are a network of fibers, not individual ones, it is not possible to measure 326 

the exact length of the CNFs. 327 

 328 

 329 
Figure 2 – FEG-SEM micrographs of Pinus sp. (a) and Eucalyptus sp. (b) pulp, CNF-P (c) and CNF-E 330 

(d). 331 
 332 

3.2 Physical characterization of the composites 333 

 334 
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The physical properties of the composites were evaluated. The results for density and 335 

water absorption after 24 h, one week and at saturation are shown in Table 2. Density 336 

was not greatly reduced. Although the aerogels obtained had low density – 0.028 g/cm³ 337 

for CNF-P and 0.039 g/cm³ for CNF-E – the density of the composites remained close 338 

to that of the neat resin. One reason for this behavior is that the percentage of filler used 339 

was too low, which may not impact the overall density of the composites. 340 

Water absorption tests were carried. As expected, all composites had higher water 341 

absorption than the neat resin, what is due to the hydrophilic nature of nanocellulose 342 

(Moon et al., 2011; Dufresne, 2013). No clear trend was observed regarding to filler 343 

content or water absorption of the composites. CNF-P composites had the highest water 344 

absorption values, while CNF-E composites had the lowest values, being CNF-E-1% 345 

the closest to the neat resin. Several mechanisms have to be taken into consideration in 346 

this case. The main one is the hydrophilicity of the natural fibers, particularly of 347 

cellulose, in contrast to the hydrophobic nature of most polymers. This leads to a weak 348 

fiber/matrix interface, allowing the formation of voids through which water can 349 

penetrate, increasing the water absorption (Reddy, Maheswari, Reddy, & Rajulu, 2009; 350 

Spinacé et al., 2009). Assuming this is true for most of the composite systems, it can be 351 

inferred that a better interface was achieved in the CNF-E-1% composites, leading to 352 

lower moisture absorption.  353 

 354 

 355 

 356 

 357 

 358 

 359 
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Table 2  360 
Density and water absorption values after 24 h, one week (168 h) and until saturation (672 h) for the neat 361 
resin and for CNF-P and CNF-E composites. 362 

Water absorption 
Composite Density (g/cm³) 

24 h (wt%) 168 h (wt%) 672 h (wt%) 

Neat UPR 1.20 ± 0.01 0.19 ± 0.02 0.43 ± 0.06 0.64 ± 0.01 

CNF-P-0.5% 1.19 ± 0.01 0.40 ± 0.04 0.72 ± 0.06 1.00 ± 0.03 

CNF-P-1% 1.18 ± 0.01 0.54 ± 0.06 1.02 ± 0.07 1.49 ± 0.08 

CNF-P-2% 1.17 ± 0.01 0.48 ± 0.08 0.92 ± 0.08 1.30 ± 0.05 

CNF-E-0.5% 1.17 ± 0.01 0.32 ± 0.08 0.70 ± 0.05 0.91 ± 0.05 

CNF-E-1% 1.17 ± 0.01 0.23 ± 0.03 0.46 ± 0.06 0.67 ± 0.03 

CNF-E-2% 1.17 ± 0.01 0.39 ± 0.05 0.78 ± 0.07 0.98 ± 0.06 

 363 

3.3 Dynamic-mechanical characterization of the composites 364 

 365 

Dynamic-mechanical analysis was performed. Table 3 shows a summary of the storage 366 

modulus in the glassy (E’g) and in the rubbery (E’r) regions at 30 °C and 175 °C, 367 

respectively, loss modulus and the peak height calculated from the tan delta curves for 368 

all composites. 369 

Table 3 370 
Storage modulus (E’) in the glassy (E’g 30 °C) and rubbery (E’r, 175 °C) regions, loss modulus (E”) and peak 371 
height (from tan delta) of CNF-P and CNF-E composites. 372 

CNF-P CNF-E 
Filler  
(wt%) E’g, 30 °C 

(MPa) 
E’r, 175 °C 
(MPa) 

E” 
(MPa) 

Tan delta  
peak height 

E’g, 30 °C
(MPa) 

E’r, 175 °C
(MPa) 

E” 
(MPa) 

Tan delta  
peak height 

0.5 2987.5 22.6 254.1 0.579 2714.7 22.4 255.2 0.600 

1 3105.8 26.2 262.6 0.532 2933.2 25.8 271.2 0.579 

2 2973.7 25.4 275.6 0.550 2711.4 28.6 268.1 0.582 
Neat UPR: E’g 30 °C = 3093.1 MPa; E’r, 175 °C = 25.8 MPa; E” = 215.1 MPa; tan delta peak height = 0.52 373 

 374 

The storage modulus in the glassy region shows no significant change for both CNF-P 375 

and CNF-E composites. In the rubbery region, however, CNF-P-0.5% had lower storage 376 

modulus than the neat rein. Both CNF-P-1% and CNF-P-2% showed no significant 377 

changes. For CNF-E composites, on the other hand, the storage modulus in the rubbery 378 
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region increases as the filler is added, with CNF-P-2% having the highest values. In 379 

polymer composites, the addition of filler in the matrix can lead to a higher modulus in 380 

the rubbery region when compared to the neat polymer, which is a result of the 381 

restriction of the free movement of the polymer chains (Ornaghi, Bolner, Fiorio, Zattera, 382 

& Amico, 2010; Chirayil et al., 2014a). In this case, however, the apparent restriction 383 

only occurred for CNF-E composites. This can be attributed to the bad dispersion and 384 

agglomeration of CNF-P in the polymer, due to not only their theoretical longer length, 385 

which can lead to the entanglement of the nanofibers, but also to the incompatibility of 386 

nanofibers with the polyester resin, which is essentially hydrophobic (Chirayil et al., 387 

2014a). Another theory is that the higher the surface area – provided by the 388 

nanofibrillation of the fibers – the more probable is the occurrence of irreversible 389 

hydrogen bonds between the CNFs, which may be another cause of agglomeration (Ten, 390 

Bahr, Li, Jiang, & Wolcott, 2012; Builes, Labidi, Eceiza, Mondragon, & Tercjak, 2013). 391 

Moreover, the difference between the behavior of CNF-P and CNF-E composites can be 392 

attributed to the morphology of the CNFs obtained. As seen in Fig.3, CNF-E has a more 393 

open fiber network, in contrast to CNF-P fibers, which seem more agglomerated after 394 

supercritical drying.  395 

The damping parameters (tan delta) of the composites were evaluated.  It can be noted 396 

the all peaks are higher than the neat resin. The incorporation of a filler usually 397 

promotes the restriction of the free movement of the polymer chains and so, the peak 398 

height is lower than the neat polymer (Ornaghi et al., 2010; Pistor, Ornaghi, Ferreira, & 399 

Zattera, 2012; Romanzini, Lavoratti, Ornaghi, Amico, & Zattera, 2013). This trend was 400 

not observed for the composites studied. Visakh, Thomas, Oksman, & Mathew (2012) 401 

found the same behavior for natural rubber composites reinforced by cellulose 402 

nanowhiskers. The authors, however, did not find a plausible explanation for that 403 
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behavior. Pistor et al. (2012), on the other hand, attributed the higher tan delta peaks to 404 

a system where the nanofillers have a higher contact area due to a better distribution of 405 

the filler in the polymer. As such, each agglomerate can dissipate an amount of energy, 406 

which may lead to a higher peak.  407 

The loss modulus values are higher than the neat resin for all composites. For CNF-P 408 

composites, the peak values increase as filler is added. For CNF-E composites, CNF-E-409 

1% shows a slight higher peak than the other composites. The intensity of the loss 410 

modulus peak is related to the energy dissipation in the fiber/matrix interface due to the 411 

internal friction (Pothan, Oommen, & Thomas, 2003; Romanzini et al., 2013). The loss 412 

modulus factors are more sensitive to the movements of the molecular chains in the 413 

polymer (Pothan et al., 2003).  414 

A summary of the calculated full width at half-maximum, glass transition temperature 415 

based on tan delta peaks at 1 Hz, and activation energy in the α-transition is shown on 416 

Table 4. 417 

Table 4  418 
Full width at half-maximum (FWHM), glass transition temperatures (Tg) and activation energy (Ea) in the 419 
α-transition of CNF-P and CNF-E composites. 420 

CNF-P CNF-E 
Filler 
(wt%) FWHM (°C) Tg (°C) Ea 

(kJ.mol-1) R² FWHM Tg (°C) Ea 
(kJ.mol-1) R² 

0.5 30.8 124.1 374.6 0.999 31.1 123.3 400.3 0.992

1 33.4 122.1 325.1 0.995 25.9 123.6 432.5 0.990

2 32.6 122.4 355.1 0.993 30.8 123.9 417.1 0.993
Neat UPR: peak height = 0.52; FWHM = 33.4 °C; Tg = 123.5 °C. 421 

Neat UPR activation energy (Ea) = 344 kJ.mol-1(Romanzini et al., 2013) 422 
 423 

No clear trend was found for both peak height values and FWHM in relation to weight 424 

percent of filler. The lowest FWHM value was found for CNF-E-1%. According to 425 

Vennerberg, Rueger, & Kessler (2014), a narrower peak denotes a homogeneous 426 

distribution of the relaxation time of the chain segments in polymer composites. Pistor 427 
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et al. (2012) attributed a narrower peak to a more homogeneous, exfoliated system – in 428 

the case of nanoclays. Although nanoclays are much different systems compared to 429 

nanofibers, the explanation found by the authors may apply. 430 

The effects of the variation of the frequency in dynamic mechanical analyses were 431 

evaluated. The viscoelastic properties of the materials depend on the temperature and 432 

the frequency of the analysis. If a material is subjected to a constant stress, the elastic 433 

modulus tends to decreased after a while. This behavior is due to the fact that the 434 

material suffers a molecular rearrangement to minimize the strain, and as such, the 435 

measurements obtained through dynamic-mechanical analysis yield higher modulus 436 

values, higher tan delta peaks and, usually, higher Tg (Ornaghi et al., 2010; Romanzini 437 

et al., 2012; Stark, 2013). From the Tg values for every frequency, a linear adjust of the 438 

Arrhenius equation was calculated in order to obtain the activation energy (Ea) in the   439 

α-transition. The activation energy is an approximate measurement of the amount of 440 

energy required to start the mobility of the segment chains of the polymers (Ornaghi et 441 

al., 2010). With the exception of CNF-P-1%, all composites obtained higher Ea than the 442 

neat polymer. The highest value was found for the CNF-E-1% composite. This can be 443 

attributed to a better fiber/matrix interface, which yields a better interaction between the 444 

CNFs and the polyester resin (Ornaghi et al., 2010; Romanzini et al., 2013). These 445 

results are in accordance to the lower FWHM values found for the CNF-E-1% 446 

composite, and also corroborate the water absorption behavior obtained in this study. 447 

 448 

3.4 Thermomechanical characterization 449 

 450 

The coefficient of thermal expansion (CTE) of the composites was calculated from the 451 

slope of the thermal expansion curves. Three temperature ranges were evaluated: the 452 
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beginning of thermal expansion (40-80°C), slightly before the Tg (80-120°C) and after 453 

the Tg (120-160°C) obtained from the tan delta peaks at 1 Hz. The results are shown in 454 

Table 5. 455 

 456 

Table 5  457 
Linear coefficient of thermal expansion of CNF-P and CNF-E composites 458 

Temperature ranges 
Sample 

40 °C – 80 °C 
CET (10-6 °C-1) 

80 °C – 120 °C 
CET (10-6 °C-1) 

120 °C – 160°C 
CET (10-6 °C-1) 

Neat UPR 6.8 107.7 141.8 

CNF-P-0.5% 54.6 94.4 137.2 

CNF-P-1% 54.3 101.6 139.9 

CNF-P-2% 50.9 106.8 148.4 

CNF-E-0.5% 3.5 92.8 149.8 

CNF-E-1% 53.4 83.9 121.1 

CNF-E-2% 10.9 75.1 128.3 

 459 

In polymers, especially thermosetting resins, the CTE is an important thermophysical 460 

property. A low CTE is often desirable to obtain dimensional stability (Warrier et al., 461 

2010). The crystalline portions of CNF, for example, have a CTE of approximately           462 

0.1 × 10-6 °C-1 in the longitudinal direction (Li et al., 2014).  463 

On the first temperature range, no clear trend for CTE values is observed, and the values 464 

are all higher than the neat resin, except for the CNF-E-0.5% composite. The same 465 

behavior was observed for Chieruzzi, Miliozzi, & Kenny (2013) when evaluating 466 

polyester/montmorillonite composites. The authors attributed this phenomenon to the 467 

agglomeration of the reinforcement. Moreover, Hossain, Hossain, Dewan, Hosur, & 468 

Jeelani (2013) explain that the CTE in the glassy region is related to the expansion of 469 

the polymer chains and the free volume expansion phenomena, thus yielding a 470 

variability of the values. 471 
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For the second temperature range, the CTE values increase for all samples. However, 472 

nearing the Tg, all composites showed lower CTE than the neat resin. For CNF-P 473 

composites, CTE increased with the addition of CNFs. However, the CTE for CNF-E 474 

composites decreased with filler addition, with even lower values than all CNF-P 475 

composites. This can be attributed to the better dispersion and morphology of the fibers, 476 

as discussed in the storage modulus and activation energy results. From approximately 477 

80 °C onwards, as observed in the storage modulus graphs discussed earlier, the 478 

transition from the glassy to the rubbery region starts. In this transition, the polymer 479 

chains can move freely in a bigger space – a result from thermal expansion. The 480 

addition of filler in the polymer restricts the movement of the polymer chains of 481 

polyester resin, contributing to the decrease of the CTE (Hossain et al., 2013). As such, 482 

it is possible that the true effects of the addition of CNFs to the resin are more evident 483 

nearing the Tg.  484 

Finally, in the third temperature range, which comprehends the Tg and the rubbery 485 

region, CNF-E-1% had the overall lowest CTE value, 14% lower than the polyester 486 

resin. Better adhesion may have played an important role in these results, as evidenced 487 

by activation energy in the alpha transition values, as well as the water absorption 488 

results. Moreover, CNF-E exhibited crystallinity index values, and since the crystalline 489 

parts of cellulose have low CTE values, this may be another reason for the better 490 

thermal stability of CNF-E composites. 491 

For CNF-P-2% composite, which exhibited higher CTE than the neat polymer, it is 492 

generally accepted that there is a limit to the addition of filler to a matrix while avoiding 493 

agglomeration and entanglement of the fibers, which may be the case of CNF-P. For 494 

CNF-E-0.5%, on the other hand, the percentage of the filler used might not have been 495 
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enough to restrict the movement of the polymer chains, thus yielding higher CTE values 496 

(Chieruzzi et al., 2013).  497 

 498 

3.5 FEG-SEM micrographs of the composites 499 

 500 

Figure 3 shows FEG-SEM micrographs of the composites. At first, it is observed that a 501 

poor interface and agglomeration of the CNFs occurred in all composites. For CNF-P 502 

composites, much larger fibers with a weak interaction to the matrix can be observed. 503 

This is expected, since CNFs are highly hydrophobic. However, it is possible to see 504 

some fibrils, as in the case of the composite CNF-P-0.5% in Fig 3a. Visually, the fiber 505 

agglomerates for CNF-P composites have a diameter of approximately 10-15μm, thus 506 

not configuring a nanocomposite. 507 

For CNF-E composites, on the other hand, smaller fiber agglomerates are observed, 508 

specifically in the CNF-E-0.5% and CNF-E-2% composites (Fig 3d. and 3f.). A glaring 509 

difference can be observed when comparing CNF-P-0.5% and CNF-E-0.5% 510 

composites: the latter exhibits a matrix-rich region witha single small agglomerate of 511 

fibrils of approximately 0.5 μm. Conversely, CNF-P-0.5% has much larger fibril 512 

agglomerates. Still, the weak interface prevails. For CNF-E-1%, some smaller fibrils 513 

can still be observed, and interestingly, the larger fibril observed is actually comprised 514 

of several nanofibrils in a single, straight-like agglomerate. 515 

The difference in the agglomerate sizes can be justified by the morphology of the single 516 

CNF networks seen in Fig 2, which showed a more open network of fibers for CNF-E, 517 

and several agglomerated nanofibers for CNF-P. As such, the initial morphology may 518 

have played an important role in the interfacial properties of the composites.  519 

 520 
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 521 
Figure 3 – FEG-SEM micrographs of CNF-P-0.5% (a); CNF-P-1% (b); CNF-P-2% (c); CNF-E-0.5% (d); 522 

CNF-E-1% (e) and CNF-E-2% (f) composites. 523 
 524 
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4 CONCLUSIONS 525 

 526 

UPR/CNF composites were obtained, and the properties of the CNFs produced from 527 

dried pulp waste, as well as the effects of the addition of these nanofillers in the 528 

physical, dynamic-mechanical and thermomechanical properties were assessed. CNFs 529 

with an approximate diameter of 70-90 nm were obtained. Bleached Eucalyptus sp. pulp 530 

displayed higher crystallinity and higher α-cellulose content, which was advantageous 531 

to the properties of the composites and also may yield higher cellulose content in 532 

mechanical fibrillation only processes. The CNF-E-1% composite had moisture 533 

absorption behavior close to that of the neat resin, evidencing that a better fiber/matrix 534 

interface was achieved. The storage modulus was higher for CNF-E composites, and 535 

their Tg was not significantly altered. The better dispersion and higher interaction in the 536 

fiber/matrix interface were also evidenced by the higher activation energy in the α-537 

transition and the higher dimensional stability of CNF-E-1% composites. Overall, 538 

bleached Eucalyptus sp. pulp was better suited as a source of CNFs and it is potential 539 

filler for application in composites due to their higher cellulose content, higher 540 

crystallinity and easier fibrillation. The use of unbleached Pinus sp. pulp waste without 541 

any purification yielded agglomerated CNFs, which was detrimental to the properties of 542 

the composites. 543 

 544 
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HIGHLIGHTS 711 

 712 

• Cellulose nanofibers (CNFs) were obtained by grinding without further 713 

purification. 714 

• Eucalyptus sp. pulp had the highest crystallinity and α-cellulose content. 715 

• Eucalyptus sp. CNFs (CNF-E) reinforced composites had lower water 716 

absorption. 717 

• The dynamic-mechanical and thermal properties of CNF-E composites were 718 

improved. 719 
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