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A B S T R A C T   

The large-scale surface modification of cellulose nanocrystals (CNC) was carried out to produce CNC-containing 
composites, in a scale of 3 kg, using industrial-scale melt processing techniques such as twin-screw extrusion and 
injection moulding. Two different polymer matrices, ethylene-acrylic acid copolymer (EAA) and low-density 
polyethylene (LDPE), were reinforced with 10 wt% unmodified cellulose nanocrystals (CNC) or surface- 
treated CNC, where a 2-hydroxyproyl-N-diallyl group had been grafted onto the sulphate half-ester groups on 
the CNC surfaces. This was achieved by mixing an aqueous CNC dispersion and the polymer pellets directly in the 
twin-screw extruder followed by a second dry compounding step prior to shaping by injection moulding. The 
injection-moulded materials were characterized with respect to their mechanical properties and thermal sta
bility. The addition of 10 wt % CNC resulted in all cases in an increase in the yield strength and stiffness by 
50–100%, most significantly for the EAA based composites. There were indications of the presence of a stable 
interphase and a percolating network in the EAA-based materials, according to dynamic-mechanical measure
ments. A reduction in thermal stability was observed for the melt-processed samples containing diallyl-modified 
CNC and discoloration in the EAA based samples.   

1. Introduction 

There is a drive towards a more sustainable society with a reduction 
in the use of fossil-based materials. At the same time, there is a need to 
use light-weight engineering materials to reduce energy demands in e.g. 
the transport section. A possible way to address both these concerns 
could be to use lignocellulosic materials as fillers/reinforcements. This 
has been recognized for many years, but there is a renewed interest due 
to the commercial availability of nanocellulose [1]. Cellulose nano
crystals (CNC) are especially interesting due to their highly crystalline 
nature, high stiffness, modest aspect ratio (less tendency to form ag
glomerates than cellulose nanofibers), large surface area, low toxicity, 
renewability, biodegradability and low abrasion to processing equip
ment [2–8]. 

Several studies indicate improvements in the mechanical perfor
mance by the addition of CNC to composites, but the results are difficult 
to compare due to the differences in properties of CNC from different 
fibre sources and by different production method used. The main 

method of producing nanocellulose composites has been through sol
vent casting, which is only viable on a laboratory scale [9–11]. In order 
to make the production of CNC-based composites commercially inter
esting on an industrial scale, the feasibility of using a conventional melt 
processing technique should be considered [12–14]. The mechanical 
properties of CNC composites are strongly dependent on the processing 
method used. Traditionally, the production of polymer composites on a 
large scale consists of two steps: mixing of the reinforcing element with 
the matrix followed by melt shaping processing method such as extru
sion or injection moulding. In the case of cellulose nanocomposites, this 
may be either a batch- or a continuous-process. The latter is preferred 
due to its compatibility with existing industrial melt-processing 
methods. A master-batch approach is often used, where a dry mixture 
of nanocellulose is compounded with a polymeric carrier, and this 
master batch is then diluted with the matrix polymer and subsequently 
shaped via single-screw extrusion or injection moulding. The shear 
forces generated during the mixing and compounding operations should 
lead to a dispersive and distributive mixing of the components but there 
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is a risk that undesirable filler aggregation may occur [15,16]. However, 
it has been shown that water-assisted extrusion can reduce the degree of 
aggregation and this may facilitate the compounding step [17]. Herrera 
et al. have shown that water-assisted extrusion using cellulose nano
fibers and chitin nanocrystals in a polylactic acid matrix improved the 
dispersion and mechanical properties [17,18]. Another advantage may 
be that the discoloration can be reduced by the presence of water in the 
system [19–21]. Chemical modification and compatibilization are also 
possible ways to reduce the problems [4,12,22–24]. Börjesson et al. 
showed that the onset temperature of thermal degradation of CNC was 
raised by almost 100 ◦C by grafting azetidinium salts onto the sulphate 
ester groups on the surface of the CNC [25]. When such surface-modified 
CNC was added to an ethylene acrylic-acid copolymer matrix both me
chanical properties and thermal stability were improved [11]. 

In the present work, surface-modification and water-assisted melt 
processing has been combined to obtain CNC-reinforced composites. 
The production of cellulose nanocomposites has been upscaled from a 
laboratory scale using conventional large-scale melt processing tech
niques such as twin-screw extrusion and injection moulding. The large- 
scale production of N-diallyl-2-hydroxypropyl modified CNC was ach
ieved by conjugation of N-diallyl carbonate reagent to the sulphate half 
esters on the CNC surface. Both modified and unmodified composites 
with CNC were produced by large-scale water-assisted mixing with a 
twin-screw extruder (TSE) followed by an additional compounding with 
a second pass through the TSE, followed by shaping into plaques via 
injection moulding (IM). Four different composites were produced, 
using unmodified CNC or CNC surface-modified with diallyl function
alities in either a poly (ethylene-acrylic acid) copolymer (EAA) or a low 
density polyethylene (LDPE) matrix. The mechanical, thermal and 
rheological properties of the composites obtained were compared with 
those of the EAA and LDPE matrices. 

2. Material and methods 

2.1. Materials 

Sulphuric-acid-hydrolyzed cellulose nanocrystals (CNC) were ob
tained as a powder dispersible in water from Celluforce, Canada. The 
CNC powder was dispersed in water to a 6–7% dry content, using an IKA 
T25 digital Ultra Turrax at a rotational speed of 7400 rpm for 10 min. 
The diallyl surface modification of the CNC was based on a procedure 
outlined by Sahlin et al. but to access larger quantities with acceptable 
quality of N-diallyl-2-hydroxypropyl substituents, a new process was 
developed [26]. Instead of an azetidinium salt, a cyclic carbonate re
agent (4-((diallylamino)methyl)-1,3-dioxolan-2-one) was used, syn
thesised via a two-step sequence, inspired by the procedures outlined by 
Reddy and Parzuchowski [27,28]. Epichlorohydrin (41.63 g, 450 mmol) 
was added dropwise for 3 h to a 1 L round-bottomed flask placed in an 
ice-bath, containing 250 mL of isopropanol and diallylamine (38.86 g, 
400 mmol). The mixture was stirred at room temperature for 21 h, after 
which the solvent was removed under reduced pressure, and the crude 
product was confirmed to be 1-chloro-3-(diallylamino)propan-2-ol by 
NMR. 

2.1.1. NMR analysis of 1-chloro-3-(diallylamino)propan-2-ol 
1H NMR (400 MHz, CDCl3). δ = 5.82 m (=CH), 5.18 broad t (=CH2) 

(J = 16 Hz), 3.89 broad dddd (CHOH) (J = 7 Hz), 3.52 m (CH2Cl), 3.25 
m (CH2), 3.08 dd (CH2) (J = 8, 16 Hz), 2.55 m (CH2). 

13C NMR (101 MHz, CDCl3). δ = 134.32 (=CH), 119.46 (=CH2), 
67.19 (CHOH), 57.06 (CH2), 56.12 (CH2), 47.10 (CH2Cl) ppm. 

The crude product was diluted in 1.2 L of acetonitrile, sodium bi
carbonate (100 g, 0.6 mol) was added and the reaction was heated to 
reflux at approximately 85 ◦C for 16 h. The reaction mixture was filtered 
and rinsed with acetonitrile and the filtrate was concentrated under 
reduced pressure to yield a product which was confirmed to be 4- 
((diallylamino)methyl)-1,3-dioxolan-2-one by NMR. 

2.1.2. NMR analysis of 4-((diallylamino)methyl)-1,3-dioxan-2-one 
1H NMR (400 MHz, DMSO‑d6). δ = 5.77 dddd (=CH) (J = 6, 6, 10 and 

17 Hz), 5.17 dddd (=CH2) (J = 1, 1, 7 and 12 Hz), 4.75 dddd (CHOR) (J 
= 6, 7, 8 and 14 Hz), 4.46 dd (CH2OR) (J = 7 and 8 Hz), 4.22 dd (CH2OR) 
(J = 7 and 8 Hz), 3.13 dddd (CH2) (J = ,1, 1, 6 and 14 Hz) 2.74 d (CH2) 
(J = 4 Hz). 

13C NMR (101 MHz, DMSO‑d6). δ = 155.11 (CO3), 135.11 (=CH), 
118.47 (=CH2), 75.56 (CHOR), 68.07 (CH2OR), 58.24 (CH2), 54.76 
(CH2) ppm. 

The modification was carried out in two batches. First, a 8 wt% 
(weight-%) CNC suspension (3500 g, 280 g dry CNC) was prepared by 
dispersing with an Ultraturrax, in accordance with the instructions from 
Celluforce. To the CNC suspension, [4-((diallylamino)methyl)-1,3- 
dioxolan-2-one] (15.93 g, 81 mmol) was added dropwise to achieve 
equal molar ratios of the reagent and the sulphate half ester groups 
(following the surface charge information given by the supplier: 300 
μmol/g). The mixture was diluted with 600 mL deionized water because 
it was otherwise too viscous to stir properly. The mixture was first stirred 
at room temperature for 8 h and then at 90 ◦C for 14 h with continuous 
stirring. The modified CNC suspension was dialyzed (Spectra/Por 2 
Dialysis Membrane, MWCO 12–14 kDa) against deionized water until 
the conductivity in the effluent remained below 5 μS. 

The composites were produced with two different polymer matrices; 
a low-density polyethylene (LDPE), Ineos 19N730, from Ineos Olefins 
and Polymers, and a poly (ethylene-acryclic acid) copolymer containing 
7% acrylic acid (EAA7), Primacor 3540 from Dow Chemical Company, 
Sweden. The LDPE had a density of 0.92 g/cm3, a melting point of 
108 ◦C and a melt flow rate of 8 g/10 min (ISO 1133) according to the 
supplier. The EAA7 had a number average molecular weight (Mn) of 
16,100 g/mol, a density of 0.932 g/cm3, a melting point of 95 ◦C and a 
melt flow rate of 8 g/10 min (ISO 1133) according to the supplier. 

2.2. Production of composites 

2.2.1. Mixing and compounding 
The preparation of the CNC-containing compounds was carried out 

as a two-step process; first a water-assisted mixing of the polymer and 
the CNC followed by homogenisation (compounding) extrusion. A 
water-assisted extrusion-based approach was used to prepare the 10 wt 
% CNC-containing composites. The polymer pellets and the dispersion 
containing CNC were simultaneously added to the hopper of the co- 
rotating, Werner & Pfleiderer ZSK 30 M9/2 (Stuttgart, Germany) twin- 
screw extruder (TSE). The dispersion containing 8 wt% unmodified 
CNC was added using a peristaltic pump Heidolph SP standard, PD 5001 
(Schwabach, Germany) at a feed rate of 21 g/min (1.7 g dry CNC/min). 
The dispersion of the modified CNC, which had a solids content of 6.2 wt 
% and a higher viscosity, was fed through a syringe to obtain a feed rate 
of 27 g/min (1.6 g dry CNC/min). The feed rates of polymer pellets were 
adjusted to give 10 wt% CNC-containing composites. The water-assisted 
extrusion was carried out using the mixing screw configuration design 
(MS) at 50 rpm whereas the second pass, also called the compounding 
step, was performed using the compounding screw (CS) configuration at 
70 rpm. The two different screw configurations (MS and CS) are shown 
in Fig. 1. The material was compounded twice in the TSE and pelletized 
after each cycle before being injection moulded. 

The mixing screw configuration was chosen in order to convey the 
CNC suspension effectively, without causing excessive pooling or 
backflow of material towards the hopper. The compounding screw, on 
the other hand, had additional kneading elements to improve the 
dispersive and distributive mixing and break up any CNC-aggregates 
during the melt processing operation. The residence time was between 
7 and 8 min with the MS screw configuration and 2–3 min with the CS 
screw configuration. The longer residence time with the MS screw 
configuration was due to the presence of large amounts of water which 
moved more slowly than the melt, and also to backflow in the extruder. 
The TSE used was a co-rotating twin-screw extruder, Werner & 
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Pfleiderer ZSK 30 M9/2 (Stuttgart, Germany), having a screw diameter 
of 30 mm and a screw length of 971 mm. The TSE had five heating zones 
along the cylinder and one heating zone at the end for the die. The 
temperature profile from the hopper to the die was 80-90-130-130-120- 
120 ◦C for the first pass (mixing step) and 120-140-200-200-170-170 ◦C 
for the second pass (compounding step). The target cellulose nanocrystal 
content in the composite was 10 wt%. The increase in weight due to the 
surface modification was less than 1% of the CNC weight and was thus 
considered to be negligible [29]. 

The 10 wt% composites were denoted on the basis of the matrix used 
followed by the reinforcement type, with or without diAllyl modifica
tion. For example, the sample representing EAA7 containing 10 wt% 
unmodified CNC was denoted ‘EAA7-CNC’. 

2.2.2. Injection moulding 
The final shaping of the CNC-containing compounds was performed 

using an injection moulding machine, Arburg Allrounder 221M-250-55 
(Austria), producing quadratic test plates, 64 × 64 × 1.5 mm in size. The 
temperature profile from the hopper to the nozzle was divided into five 
heating zones along the barrel; 110-150-150-170-170 ◦C, the injection 
pressure was 75 MPa, and the mould temperature was set to 25 ◦C. The 
holding pressure was 80 MPa and the backpressure was 1.5 MPa. The 
circumferential screw speed was set to 20 m/min. The sprue from the 
cylinder nozzle to the cavity diverged from a diameter of 4 mm to a 
diameter of 7 mm along the sprue length of 54 mm, followed by an 18 
mm long runner with a cross section of 40 mm2 and a rectangular cavity 
gate having a 8 × 1.5 mm2 cross section and a land length of 1 mm. The 
injection speed was set to 50 cm3/s while the sprue was filled and 
reduced to 20 cm3/s while the mould cavity was filled. The injection 
moulding cycle time was 45 s, including 10 s holding time and 30 s 
cooling time. The first 20 samples were discarded at the start of the 
injection moulding series, before the process was considered stable. 

2.3. Characterization methods 

2.3.1. Conductometric titration 
The surface charge was determined following the procedure 

described by Foster et al. [30]. The surface-modified sample was sub
jected to dialysis prior to titration, but no further pre-treatment was 
performed. A 100 mL 0.1 wt.-% CNC dispersion was prepared and 
titrated with a 10 mM sodium hydroxide solution (standardised against 
potassium hydrogen phthalate) by the addition of 100 μL aliquots at 30 s 
intervals until a sufficient number of measuring points had been 

collected. The measured conductivity was corrected for the increase in 
volume during the measurement. The sulphate half-ester content was 
evaluated from the amount of sodium hydroxide required to neutralise 
the suspension, which was determined by the point of intersection of the 
slopes. 

2.3.2. Attenuated total reflectance fourier transform infrared spectroscopy 
(ATR-FTIR) 

ATR-FTIR was performed using a PerkinElmer Frontier FT-IR Spec
trometer (Waltham, MA, USA) equipped with a diamond GladiATR 
attenuated total reflectance (ATR) attachment from Pike Technologies. 
The samples were placed directly on the ATR-crystal without further 
preparation, and the spectra were recorded between 4000 and 400 
cm− 1, 32 scans being collected with a resolution of 2 cm− 1 at intervals of 
0.5 cm− 1. 

2.3.3. Thermal gravimetric analysis (TGA) 
Thermal gravimetric analysis was used to assess the thermal stability 

of the materials using a TGA/DSC 3 + Star system (Mettler Toledo, 
Switzerland), a 3–5 mg sample being heated at 10 ◦C/min from 25 to 
500 ◦C under a nitrogen flow of 20 mL/min. The mass loss and onset 
temperature for degradation was calculated using the Mettler Toledo 
STARe evaluation software. 

2.3.4. Differential scanning calorimetry (DSC) 
The thermal transitions and crystallinity of the materials were 

assessed using a Mettler Toledo DSC2 calorimeter equipped with a HSS7 
sensor and a TC-125MT intercooler. The endotherms were recorded 
while the temperature was increased from 25 to 160 ◦C at a scan rate of 
10 ◦C/min with a nitrogen flow of 50 mL/min. No second temperature 
scan was used. The degree of crystallinity (Xc) was evaluated as 

Xc =
ΔHc

wEAAΔHo
(1)  

where ΔHc is the specific heat of fusion of the composite, wEAA the 
weight fraction of EAA or LDPE and ΔHo the specific heat of fusion of 
100% crystalline polyethylene; 277.1 J/g [31]. The melting point (Tm) 
of the polymer matrix was taken as the peak value of the DSC 
endotherm. 

2.3.5. Appearance 
The colour of the injection-moulded plaques was assessed using a 

Datacolor 600 d/8◦ spectrophotometer with a 9 mm diameter opening. 

Fig. 1. The two different screw configurations; (a) Mixing screw (MS) and (b) compounding screw (CS).  
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The colour was expressed in the 1976 CIELAB system [32] with co
ordinates L* (lightness), a* (red-green) and b* (yellow-blue). The 
lightness L* ranges from 0 (black) to 100 (white), -a* is green, +a* red, 
-b* is blue and +b* yellow. The measurements were performed with a 
white paper background to provide equivalent conditions for the 
semi-transparent samples. Each reported value was the average of three 
measurements at different positions on a plaque. 

The gloss was measured with a Konica Minolta Uni Gloss 60 Plus 
having an incidence angle of 60◦ at room temperature. To ensure 
equivalent conditions, a white paper background was used, and the gloss 
of this paper was also measured. The reported values are averages of 
three measurements, all performed with the incident light beam 
perpendicular to the main direction of the melt. 

2.3.6. Mechanical properties 
A Zwick/Z2.5 tensile tester equipped with a 2 kN load cell was used 

to measure the tensile properties of the materials. Bars with a gauge 
length of 40 mm were cut from the mid-section of the injection-moulded 
plaques, with the length oriented in the injection direction. One test bar 
was cut from each plaque and conditioned at 23 ± 2 ◦C and 53 ± 2% 
relative humidity for 48 h prior to the tensile test. The Young’s modulus, 
tensile strength at yield, elongation at yield, ultimate tensile strength 
and elongation at break were measured at 25 ◦C with a strain rate of 2.5 
× 10− 3 s− 1 (6 mm/min). The reported values are the average values of 
five independent measurements. 

2.3.7. Dynamic-mechanical analysis 
A Rheometrics RSA II was used to measure the dynamic-mechanical 

properties of the materials at room temperature. Specimens were cut out 
from the mid-section of the injection-moulded plaques in the direction of 
injection and conditioned at 23 ± 2 ◦C and 53 ± 2% relative humidity 
for 48 h prior to the measurement. The specimens were strained in 
tension to about 0.13% and this strain was kept constant while a sinu
soidal deformation was superimposed at a temperature of 23 ◦C. The 
measured loss and storage moduli of the materials were recorded. 

2.3.8. Rheological properties 
The shear viscosity of the melts was determined as a function of the 

shear rate using a capillary viscometer (Göttfert Rheograph 2002, Ger
many). Two cylindrical capillaries of different lengths (10 and 20 mm) 
but with the same diameter (1 mm) were used in order to make it 
possible to estimate the pressure entrance losses (Bagley correction of 
the applied pressure). A 500 bar (50 MPa) pressure transducer (Dynisco, 
USA) was used to record the pressure applied when the melt was pushed 
through the capillary at different speeds. The piston speed was varied 
between 0.05 and 2 mm/s, corresponding to shear rates of 58–2300 s− 1. 
The measured shear rates were subjected to a Rabinowitch-correction. 
The shear viscosities were determined at a melt temperature of 170 ◦C. 

Small-amplitude oscillatory shear tests (SAOS) were performed on 
the extruded samples at 170 ◦C using an Anton Paar MCR 702 rheometer 
(Graz, Austria) with parallel plate geometry (15 mm plate diameter). 
The disk-shaped samples, with a thickness of 1.5 mm, were gradually 
squeezed to a plate gap of 1 mm. The rheological properties of the 
composites were found to be stable at 170 ◦C for a period of more than 
50 min, so that thermal degradation during the rheological measure
ments was considered to be negligible. In the SAOS experiments, the 
linear viscoelastic region was first assessed using a strain sweep from 1 
to 100% at a constant angular frequency of 1 s− 1. In addition, angular 
frequency sweeps were made in the range of 0.08–200 s− 1 at strain 
amplitudes of 0.04–0.7%. In most cases, the experiments were repeated 
twice on different specimens. 

3. Results and discussion 

3.1. Synthesis 

Both the unmodified CNC and the diallyl-modified CNC, modified 
using azetidinium salts, have been extensively characterised in previous 
papers [25,26]. A deeper description of the route for the production of 
N-diAllyl-carbonate used here will be published later. 

The chemical modification achieved was characterised using TGA, 
FTIR and conductometric titration. The temperature of onset of thermal 
degradation was, as expected slightly higher for the modified than for to 
the unmodified CNC, as can be seen in Table 2, indicating stabilisation of 
the sulphate groups through covalent surface functionalisation. FTIR 
showed the typical peaks for nanocellulose; a broad band at 3600-3100 
cm− 1 attributed to O–H stretching, a band at ca. 2899 cm− 1 attributed to 
aliphatic C–H stretching, a band at 1429 cm− 1 attributed to CH2 scis
soring in cellulose I, bands at 1162 cm− 1 and 898 cm− 1 typical of the 
glycosidic bond, bands at ca. 1030 cm− 1 attributed to C–O stretching, as 
well as the characteristic band at 809 cm− 1 attributed to the C–O–S 
stretching associated with sulphate ester groups. Conductometric titra
tion showed the presence of weak basic groups at a concentration of 151 
mmol/kg, compared with 250–300 mmol/kg for the unmodified CNC 
from CelluForce, and no acidic surface groups [33]. FTIR and conduc
tometric titration results are available in the supplementary information 
as Figs. S1 and S2 respectively. The lack of acidic surface groups shown 
by conductometric titration together with the presence of C–O–S bonds 
indicated by FTIR confirm the modification of the sulphate, supported 
by the presence of weak basic groups and a high thermal stability. The 
results of the conductometric titration indicate that all the sulphate half 
esters on the CNC surface were functionalised. 

3.2. Water-assisted mixing, compounding and injection moulding 

The wet mixing of the CNC dispersion and the polymer pellets in the 
TSE followed by the secondary compounding step and the injection 
moulding were successfully performed. The processing parameters and 
possible difficulties when upscaling the production to a continuous 
operation were taken into consideration through several trials. Various 
combinations of process temperature, screw design, screw speed, 
feeding position and feeding rate of the CNC were tested to obtain a 
steady process. The injection-moulding process was adjusted in terms of 
temperature, injection speed and holding pressure to achieve homoge
neous plaques without excessive internal stresses, shrinkage or flash. 

3.3. Appearance 

Visual inspection of the injection-moulded plaques revealed a change 
in transparency and colour due to the addition of the CNC, as shown in 
Fig. 2. Small darker entities, indicating agglomeration of CNC in the 
material were also observed. This was more pronounced in the EAA7 
samples and the colour difference was greater with the EAA7 as matrix. 
This was possibly due to the presence of carboxylic acid groups in EAA7, 
causing an initiation of degradation, previously discussed by Forsgren 
et al. where a EAA15 composite with CNC did not show this darkening 
effect when being pH neutralized [11]. 

The colour and gloss values for the different samples are summarized 
in Table 1. A clear reduction in lightness (L*) is seen for both EAA7 and 
LDPE composites compared to the unfilled matrix. This decrease was 
greater in the EAA7 composite, as is evident in Fig. 2. All the reinforced 
samples were significantly more yellow than the neat matrices, as 
indicated by the b* coordinate. The a* coordinate shows that the addi
tion of CNC to EAA7 resulted in a somewhat increased redness. The 
changes in the case of the LDPE material were smaller and indicate a 
slight increase in greenness. All the specimens exhibited similar gloss 
values, but a slight decrease in gloss was noted for the composites. This 
may be due to a slightly rougher surface [34]. The small variations in 
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gloss may indicate that the surface topography was mainly governed by 
replication of the mould surface. 

3.4. Thermal properties 

Neither the crystallinity nor the melting point was significantly 
changed by the addition of CNC, regardless of the type of CNC added, as 
can be seen in Table 2. 

Table 2 and Fig. 3 include the onset temperatures for the degradation 
(Tonset) of the unmodified and modified CNC dried into thin films from 
the original dispersion, the neat polymer matrices and the composites. 
Table 2 presents two temperatures for the composites, the lower asso
ciated with the degradation of CNC and the higher with that of the 
polymer matrix. Although the dried unmodified CNC films were slightly 
less thermally stable than their modified counterparts, the opposite was 
noted for the composites. The composites reinforced with unmodified 
CNC exhibited a higher thermal stability (approx. 240 ◦C) than the 
composites reinforced with the modified CNC (240 ◦C). The degradation 
temperature of the unmodified CNC was here higher than that reported 
by Forsgren et al. possibly due to the different CNC grade used [11]. The 
Celluforce CNC used in this work is significantly more stable because it is 
Na+ ion-neutralized since it occurs in the form of a re-dispersible 
spray-dried powder [35]. 

3.5. Mechanical properties 

The results of the tensile tests are summarized in Table 3. In both 
matrices, the addition of CNC markedly increased the Young’s modulus 
and yield stress of the materials, as expected and desired. Although the 
magnitude of the increase was somewhat smaller than earlier reported 
results for similar composites [11]. This may be due to the different CNC 
grade used or to the difference in the manufacturing techniques. For
sgren et al. used compression moulding, and the flow behaviour in in
jection moulding probably affected the morphology and behaviour of 
the samples [36]. The surface treatment of CNC did not, however, result 
in any increase in the modulus or in the yield strength compared to the 
unmodified CNC, which was somewhat surprising. The addition of 
diallyl-modified CNC increased the modulus of the EAA7-composites by 
about 50%, but the unmodified CNC increased the modulus to almost 
100%, possibly because the reduced interaction of hydrogen bonds be
tween EAA7 and modified CNC due to the surface grafting had a plas
ticizing effect. The EAA7-unmodified CNC composite also showed the 
greatest increase in yield stress when the CNC was added, with an in
crease of more than 100%. With the LDPE as matrix, the modified–CNC– 
and unmodified–CNC–based samples behaved similarly, with little dif
ference between the stiffnesses and strengths of the composites. 

In all cases, the addition of CNC had little effect on the ultimate 
tensile strength, but the addition of the nanocrystals greatly lowered the 
elongation at break, but the EAA7 containing diallyl-modified CNC was 
the most ductile of the composites, which again possibly indicates a 
plasticizing effect. The addition of the unmodified CNC to EAA7 resulted 
in the greatest increase in stiffness and yield stress, but the EAA7- 

Fig. 2. The injection-moulded samples of EAA7 and LDPE reinforced with 10% unmodified or diallyl-modified CNC.  

Table 1 
The colour coordinates and gloss values, with standard deviation, of the unfilled 
polymer matrices and the composite materials, measured on injection-moulded 
plaques.  

Sample CIEL* CIEa* CIEb*  Gloss (%) 

EAA7 84.0 (0.1) 2.5 (0) − 3.5 (0.1)  26.9 (3.7) 
EAA7-CNC 58.9 (0.1) 4.7 (0) 21.3 (0.1)  19.9 (0.8) 
EAA7-diAllylCNC 52.2 (0.9) 6.0 (0.2) 19.2 (0.3)  21.7 (1.8) 
LDPE 77.3 (0.5) 2.6 (0.1) − 4.6 (0.3)  26.7 (1.0) 
LDPE-CNC 68.2 (0.7) 2.2 (0.2) 13.2 (0.7)  22.8 (2.2) 
LDPE-diAllylCNC 69.1 (0.3) 0.9 (0.1) 13.2 (0.6)  26.1 (2.4)  

Table 2 
The degree of crystallinity, melt temperature and onset temperature for thermal 
degradation with standard deviations for the neat CNC’s dried into films, the 
neat polymer matrices and the composites.  

Material Crystallinity (%) 
– 

Melting point (◦C) 
– 

Tonset (◦C) 

CNC 236 (2) 

diAllylCNC – – 238 (2) 
EAA7 16 (1.0) 98 (2) 430 (3) 
EAA7-CNC 16 (1.1) 99 (1) 265 (5); 415 (5) 
EAA7-diAllylCNC 14 (0.1) 99 (1) 239 (3); 419 (5) 
LDPE 22 (0.6) 108 (2) 441 (4) 
LDPE-CNC 21 (0.6) 109 (2) 272 (4); 436 (4) 
LDPE-diAllylCNC 20 (0.9) 108 (3) 238 (3); 437 (2)  

Fig. 3. Thermogravimetric curves showing the thermal degradation of the neat 
CNC’s, unmodified and modified, the neat polymer matrices and 
the composites. 
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diAllylCNC composite showed a greater elongation at break, providing a 
somewhat stronger material than the matrix but retaining some of its 
ductility. 

3.6. Dynamic-mechanical analysis (DMA) 

Fig. 4 shows the mechanical loss factor (tan δ) as a function of the 
amplitude of the sinusoidal deformation. The difference in slope of the 
loss factor curve between the composite and the matrix provides infor
mation about the interphase between the matrix and the reinforcement 
[11,37,38]. The EAA7-based samples containing unmodified and 
modified CNC exhibited a plateau in loss factor at low strain amplitudes, 
but with increasing strain amplitude, the loss factor value increased. 
This increase was more pronounced when the EAA7 was reinforced with 
the unmodified than with the modified CNC, which suggests that the 
surface treatment in this case created a more stable interphase region. 
This hypothesis is to some extent supported by the greater extensibility 
of the composite, cf Table 3. Forsgren et al. also showed that the 
diAllyl-treatment gave a more stable interphase region [11]. With LDPE 
as the matrix, the loss factor of the composites increased somewhat more 
than that of the unfilled polymer and there was no significant difference 
between the modified or unmodified CNC. 

3.7. Rheological properties 

Fig. 5 shows the shear viscosity of the melts at 170 ◦C as a function of 
the shear rate, after application of the Bagley and Rabinowitch correc
tions. The shear viscosities of the different melts exhibited rather similar 
behaviours, but they differed in magnitude. In all cases, a shear-thinning 
behaviour was observed. The EAA7-based melts exhibited a somewhat 
higher viscosity than those based on LDPE. The addition of CNC to EAA7 
resulted in an increase in viscosity at a given shear rate compared to the 
unfilled polymer, and the surface treatment of the CNC appeared to 
reduce the viscosity slightly relative to that of the melt containing 

untreated CNC. This may be related to a plasticizing effect of the surface 
treatment and a less developed filler network as discussed previously. 
The viscosities of the LDPE-based melts were similar but the melt con
taining the surface-treated nanocellulose had the highest viscosity. 

The results of the oscillatory shear experiments, strain sweep and 
frequency sweep, are summarized in Fig. 6. For the oscillatory strain 
sweep, Fig. 6a, the samples exhibited a storage modulus (G′) plateau 
over the entire range of applied shear strain, except for the EAA7-CNC-, 
and EAA7-diAllylCNC-based samples. The EAA7-based samples con
taining the unmodified CNC had a higher G′ than those containing the 
surface-treated CNC. This follows the pattern noted for Young’s modulus 
(Table 3) and is possibly explained by a more developed percolated 
cellulose network in the EAA7-unmodified CNC composite. Fibril− fibril 
interactions such as hydrogen bonding are expected to act as cohesive 
forces and contribute to the network strength, and thus affect the stiff
ness and elongation at break [39]. Surface grafting may interfere with 
these interactions and thus affect the strength of the network. Both the 
unmodified and modified CNC-reinforced samples exhibited an 
increasing G′ with increasing strain amplitude up to a certain critical 
shear strain value, after which it decreased. This overshoot of G′ has 
previously been observed in polymers or complex systems with a 
structural network which resists deformation up to a certain critical 
strain [40,41]. In the present case, the overshoot was observed only for 
the G′ while the loss modulus G′′ remained constant. The LDPE-based 
composites exhibited no such behaviour and the CNC-reinforced sam
ples exhibited lower G′ values than the matrix polymer, the samples 
containing the unmodified CNC having the lowest values. 

In the frequency sweep, as shown in Fig. 6b, the EAA7-based samples 
containing CNC clearly differed. The samples exhibited a plateau at 
lower frequencies and the EAA7 containing unmodified CNC showed the 
highest G′ values. A plateau at lower frequencies is observed in systems 
having a structural network [15,42,43]. No such plateau was observed 
for the LDPE samples reinforced with CNC; they behaved in a manner 
similar to that of the matrix material, and they displayed lower G’ values 
than the unfilled LDPE. This behaviour was also visible in the 

Table 3 
Tensile properties of the injection-moulded composites. Each value reported is an average of 5–6 measurements, with the standard deviation in brackets.  

Sample Young’s modulus (MPa) Yield stress (MPa) Ultimate tensile strength (MPa) Elongation at break (%) 

EAA7 109 (2) 5.7 (0.1) 16.8 (0.6) 90.6 (2.6) 
EAA7-CNC 207 (4) 12.9 (0.3) 17.5 (0.3) 36.7 (3.6) 
EAA7-diAllylCNC 166 (4) 8 (0.2) 16 (0.5) 59 (3.2) 
LDPE 150 (7) 7 (0.1) 13 (0.3) 62 (3.6) 
LDPE-CNC 210 (2) 8.5 (0.3) 12.1 (0.3) 39.4 (1) 
LDPE-diAllylCNC 209 (6) 9 (0.2) 12.6 (0.1) 38 (2.1)  

Fig. 4. The mechanical loss factor (tan δ) as a function of applied strain 
amplitude for LDPE (unfilled symbols) and EAA (solid symbols) reinforced with 
10 wt% unmodified-(circles) and modified-(triangles) CNC. 

Fig. 5. The shear viscosity of the melts as a function of shear rate after applying 
Bagley and Rabinowitch corrections. 
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mechanical properties of the material. There was little variation in the 
strength of the LDPE composites reinforced with CNC, which could be 
related to the absence of a percolated network in the material. 

4. Conclusions 

This study has successfully achieved the continuous and relatively 
large-scale manufacture of CNC (neat and surface-treated)-containing 
composites based on aqueous mixing in a twin-screw extruder fol
lowed by injection moulding. Both EAA- and LDPE-based composites 
were produced in this manner. Further optimization of the process may 
be required to reduce local temperature increases in the manufacturing 
equipment and to shorten the residence time in order to further reduce 
the discoloration and thermal degradation of the material. 

The addition of 10% CNC to the matrix materials increased the 
stiffness and yield strength of the polymers, the effect being more pro
nounced in the case of EAA7 matrix, partly because the values of the 
EAA7 polymer were lower than those of the LDPE. In view of earlier 
findings (Forsgren et al., 2019), the surface treatment was somewhat 
less effective than expected, especially with regard to its effect on the 
yield strength. There may be several reasons for this; the unmodified 
CNC was of a different grade, the surface treatment procedure was 
modified and the processing was harsher. There are also indications that 
the surface treatment of the CNC induced a plasticization of the EAA 
polymer, which may be an advantage in some situations. Further studies 
should shed some more light on this. 

It was expected that a more hydrophilic polymer such as EAA would 
promote the dispersion of the CNC in the matrix but this was not the 
case, not even for the surface-treated CNC, as supported by the photo
graphs shown in Fig. 2., the viscosity measurements in Fig. 5 and the 
mechanical properties in Table 3. In contrast to the results of the pre
vious work by Forsgren et al. the modification of the CNC did not 
significantly increase the thermal stability, but this may be due to the 
use of more thermally stable unmodified CNC grade in this work. The 
significant browning of the EAA7 composites containing modified CNC 
was possibly due to the presence of carboxylic acid groups in the EAA7 
melt causing degradation and the discoloration of the specimens. The 
thermal resistance depends strongly on the residence time and the 
temperature of the melt exiting the nozzle can be significantly different 
from the actual settings due e.g. to viscous heating causing discoloration 
of the material even at a set processing temperature of 170 ◦C. Colour 
changes are however a sensitive measurement giving an early indication 
of degradation that is not necessarily connected to a decrease in me
chanical strength [4,34]. 

The strain and frequency sweep experiments on the melts strongly 
suggested that a percolated filler network structure was formed when 
CNC, whether unmodified or modified, was added to EAA7, but this did 
not take place with LDPE as matrix. This suggests interactions between 
the EAA polymer and the CNC, which was supported by the slightly 
higher shear viscosity of the reinforced EAA7 than that of the LDPE 
samples and the pure EAA7 matrix. Composites with LDPE as matrix 
material did not show any network formation. 

The DMA results show a stronger interphase region between the CNC 
and EAA7 than when LDPE was used as the matrix material. The EAA7- 
diAllylCNC in particularly indicated a stronger interphase region, which 
is supported by the large elongation at break for this material. 
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