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Abstract

The aim of this study was to develop cellulose nanofiber (CNF) reinforced polylactic acid
(PLA) by twin screw extrusion. Nanocomposites were prepared by premixing a master batch
with high concentration of CNFs in PLA and diluting to final concentrations (1, 3, 5 wt%)
during the extrusion. Morphology, mechanical and dynamic mechanical properties (DMA)
were studied theoretically and experimentally to see how different CNF concentrations
affected the composites’ properties. The tensile modulus and strength increased from 2.9 GPa
to 3.6 GPa and from 58 MPa to 71 MPa, respectively, for nanocomposites with 5 wt% CNF.
The DMA results were also positive; the storage modulus increased for all nanocomposites
compared to PLA; being more significant in the high temperature region (70°C). The addition
of nanofibers shifted the tan delta peak towards higher temperatures. The tan delta peak of the

PLA shifted from 70°C to 76°C for composites with 5 wt% CNF.

Key words: A. Nanocomposites, Cellulose; B. Mechanical properties; C. Modeling; D.

Dynamic mechanical thermal analysis, E. Extrusion.

*Corresponding author: Kristiina Oksman, Division of Manufacturing and Design of Wood
and Bionanocomposites, Luled University of Technology, SE-97187 Luled, Sweden

E-mail: kristiina.oksman@ltu.se Tel: +46 920 49 33 71, Fax: +46 920 49 13 99

1



1. Introduction

Polylactic acid (PLA) is a biodegradable, thermoplastic, aliphatic polyester which can be
derived from renewable resources such as starch and is a sustainable alternative to
petrochemical-derived products. PLA has been found to have good stiffness and strength and
is being used in several applications, such as food packaging, water and milk bottles,
degradable plastic bags as well as in automotive applications. The products made from PLA
are bio-degradable and are found to fully disappear in less than 30 days in ideal conditions [1-
3].

Cellulose nanofibers (CNFs) and nanowhiskers (CNWs) derived from renewable biomass
have attracted much interest as an alternative to micro-sized reinforcements in composite
materials [4-26]. One challenge when using nanocelluloses is that, due to their polar surfaces,
it is difficult to disperse them uniformly in a non-polar medium. This might be the reason why
the processing of cellulose nanocomposites was first limited to solvent casting, where water
soluble or dispersive polymers were the most common matrices [4-13]. However, the
development of other, more flexible and industrially viable processing techniques is necessary
to promote commercialization of these materials. Therefore, several interesting processing
methods have recently been reported for these materials [14-26].

One of the developed processing methods has been melt compounding [14-21]. The melt
compounding of cellulose nanocomposites presents several challenges [14]. The major
difficulties are to feed the nanocelluloses into the extruder and achieve uniform dispersion in
the polymer’s matrix. The nanocelluloses have a very high surface area and have a tendency
to aggregate when dried. That can be avoided by first mixing them in a suitable medium,

either in a liquid, which is then fed into the extruder, or first dried and then extruded [14-22].



Extensive studies of nanocelluloses as reinforcement in PLA have been carried out and
the nanocomposites have been prepared by solvent casting as well as melt compounding [14-
17]. In the first study, a slurry of plasticizer and CNWs was pumped into the melt PLA during
extrusion to solve the feeding problem and improve the dispersion of CNWs in PLA [14]. The
results showed that the CNWs improved the mechanical properties of the PLA, but the used
additives had a negative impact. In the next study, cellulose microfibers (CMFEs) were used
and compared to CNWs [15]. The results showed limited improvements-in the mechanical
properties and agglomerated CMFs in PLA. In the next study, PLA nanocomposites were
successfully processed by extrusion using a surfactant, which® facilitated the dispersion of
nanowhiskers in PLA matrix [16]. In this case, both liquid feeding and dry feeding of CNWs
into the polymer melt were attempted [16]. Later on, polyvinyl alcohol was tested as a carrier
polymer for CNWs and compounded with PLA during extrusion [17]. In this case, PVA
formed CNW-rich domains in the continuous PLLA matrix [17], which led to relatively small
improvements in mechanical properties.

Okubo and co-workers [19] have also studied the process and properties of PLA
nanocomposites, where the PLA water slurry was premixed with microfibrillated cellulose
(MFC) and processed using a roller mixer followed by drying and injection molding. They
reported that the addition of 1 and 2 wt% of MFC had a positive impact on the modulus as
well as’'on composites’ fracture energy, but the strength did not show any improvements. The
well-dispersed fibrils with lower concentration improved the composites’ modulus by 31%
and the fracture energy by almost 200% [19].

Yano and co-workers [20, 21] have also studied PLA nanocomposite reinforced with
cellulose microfibrils and have reported promising results. The microfibrils were mixed with
PLA in an organic solvent, and then roller-mixed to attain uniform dispersion of the cellulose

fibrils. The Young’s modulus and tensile strength of PLA increased using the microfibrils as
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reinforcements, being highest at 10 wt%, when the modulus and strength increased by 40%
and 25%, respectively.

In the current study, nanofibers separated from kenaf pulp were used as reinforcing phase
for PLA matrix. Nanocomposites were prepared using a two-step process: master batch
preparation using a solvent mixture followed by extrusion process and injection molding. The
effect of nanofiber content (1, 3, 5 wt%) on the composites’ mechanical properties and
thermal stability was evaluated theoretically and experimentally. Microscopic analysis was

used to study of nanofibers’ morphology and surface fracture of nanocomposites.

2. Experimental

2.1 Materials

Matrix: Poly (lactic acid) (PLA), ESUN™, extrusion grade was supplied by Shenzhen
Bright China Industrial Co., China. The used PLA has a density of 1.24 g/cm’ and the melt
flow index (MFI) of 20 g/10 min at 190°C/ 2.16 kg, reported by the material supplier.

Reinforcement: Cellulose nanofibers were isolated from kenaf pulp. The details of the
pulping process have been reported earlier by us [27]. The kenaf pulp was immersed in
distilled water for 8 h. Diluted suspension: fiber concentration of 0.5% was distributed in the
water using high shear mixing, Silverson L4RT (England), at 4000 rpm for 20 min. The
suspension was grinded using a ultra-fine grinder, MKCA 6-3 from Masuko (Japan) at 3500
rpm in contact mode for approx. 15 min. to obtain cellulose nanofibers. Figure 1 shows the
AEM images of the isolated nanofibers, indicating that the fibrillation process was successful
and the pulp was isolated to an entangled network of nanofibers. The diameters of the fibers
were measured using Nanoscope V software, showing that the diameters ranged from 40 to 70

nm, and the length was estimated to be several micrometers, from the AFM images .



Chemicals: Chloroform and acetone were purchased from Merck (Darmstadt, Germany).
Both of the chemicals were used in master batch preparation in order to dissolve PLA.
2.2 Processing of nanocomposites

Nanocomposites were prepared using a two-step process: master batch preparation usinga
solvent mixture followed by extrusion process.
2.2.1 Preparation of the master batch

Adequate amount of PLA (refer to Table 1) for each material was weighed and completely
dissolved in a solvent mixture of acetone and chloroform in the ratio of 9:1 by stirring at
55°C. The nanofibers in aqueous medium were solvent-exchanged to acetone by a series of
centrifuging and re-dispersing steps. After that, different mixtures of PLA and nanofibers
were prepared by mixing the acetone-based nanofiber suspensions with dissolved PLA (see
Table 1). Then, the mixture was casted in Petri-dishes and allowed to evaporate at room
temperature overnight followed by oven vacuum-drying at 55°C for 8 h. The composite films
obtained from the casting were crushed using a kitchen blender until a particulate material
was obtained.
2.2.2 Extrusion process-and sample preparation

Nanocomposites were manufactured using a twin screw extruder, Coperion W&P ZSK 18
MEGALab (Stuttgart, Germany), with a screw speed of 120 rpm and the temperature profile
was varied from 165°C at the feeding zone to 200°C at the die. The crushed master batch was
dry-mixed with PLA, diluting it to 1, 3 and 5 wt% nanofiber contents. The mixtures were
vacuum-dried at 55°C for 8 h prior to the process whereby the PLA and its nanocomposites
were compounded, followed by the pelletizing step. The formulations of prepared materials
are presented in Table 1.

The extruded pellets were dried at 55°C for 6 h prior to injection molding (Haake MiniJet

II) of the test specimens according to ASTM, D638 type 5, testing method. The barrel
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temperature of the injection molding machine was set at 200°C. The injection pressure was
kept constant at 400 bar and the mold temperature was 70°C. The injection-molded specimens
were used for evaluation of the mechanical and thermal properties.

2.3 Characterization

2.3.1 Microscopy

The microstructures of nanocomposites were investigated using scanning electron
microscopy (SEM). Fractured surfaces from tensile testing were analyzed in a Jeol, JSM-
6460 (Japan). The acceleration voltage was 5 kV and samples were sputter-coated with gold
to avoid charging.

2.3.2 Tensile testing

The tensile tests were performed using a universal testing machine, Hounsfield H25KS,
(United Kingdom), with a load cell of 10 kN and with a crosshead speed of 3 mm/min. The
injection-molded specimens (ASTM, D638 type 5) were used for tensile testing and the gauge
length was 30 mm. The elastic modulus was calculated from the initial part of the slope from
stress—strain curves. At least five test samples were tested for each material and the average
values are presented.

2.3.3 Dynamic mechanical properties (DMA)

The dynamic mechanical properties of the nanocomposites were carried out using the
dynamic mechanical analyzer, DMA Q800 TA Instruments (New Jersey, USA), in tensile
mode. The measurements were performed at a constant frequency of 1 Hz with a temperature
range from 25°C to 110°C at a heating rate of 3°C/ min. The test specimen dimensions were
approx. 2.0 x 5.0 x 30.0 mm (thickness x width x length). The presented data is based on three

measurements.

3. Results and discussion

3.1 Nanocomposite morphology



SEM micrographs of fractured surfaces of the PLA and its nanocomposites are presented
in Figure 2. The aim was to investigate if any CNF aggregates were visible in the fractured
surfaces. Compared to pure PLA, the surface of the PLA-CNF1 and PLA-CNF3
nanocomposites showed no significant differences, but the nanocomposite with 5 wt% CNF
(PLA-CNF5), had a rougher surface compared to those with lower nanofiber contents (Fig
2d). A more detailed micrograph of this composite is shown is Figure 3. The image shows
small areas which are attributed to small aggregates of CNFs. Generally, a relatively good
dispersion was achieved in composites with low fiber contents (1 and 3 wt%).

3.2 Mechanical properties

Figure 4 shows typical stress—strain curves of neat PLA and PLA-CNF composites with
different fiber contents and Table 2 shows the average values and standard deviations of the
mechanical properties. The tensile properties. indicated than the strength and modulus were
improved with increased nanofiber contents. The modulus of the PLA was increased from 2.9
GPa to 3.6 GPa with the addition of 5 wt% nanofibers, which corresponds to a 24% increase.
Similarly, a 21% increase in tensile strength was observed for PLA-CNF5 composites
compared to pure PLA. Table 2 shows that the average value of maximum strain was reduced
by increased nanofiber contents. The positive impact of the nanofibers especially in the
composite strength-indicated that the used nanofibers have good mechanical properties and
that there is interaction between the PLA and the CNFs. However the large standard
deviations especially on the modulus and strain values indicated that the nanofibers were not
homogeneously distributed.

Yano and co-workers reported similar improvements for PLA-nanocomposites with 5
wt% fiber content [20, 21].

In order to see the reinforcing potential of CNFs, common theoretical models developed

by Halpin-Tsai and Krenchel were used and compared to experimental data.
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The theoretical modulus for the composites (Ec,np) based on the Halpin-Tsai equation
given below, see Eq (1) - Eq (3) [28].
Ecomp = En (1+En @)/ (1-n D) (1)
n=(E./Ex-I/E,/Ey+<S) (2)
E,, is the modulus of the matrix, E, is the modulus of the reinforcements and @ is the
volume fraction. The Halpin-Tsai equation is usually used for aligned fiber composites, but it

has also been used before to predict the modulus of nanocomposites [4, 26].

E=(2x1)/d (3)

& is a shape parameter, depending on the geometry and aspect ratio of the reinforcement.
The the length of the nanofibers was predicted to be 10 um and the diameter to be 100 nm.
The diameter value is based on our microscopy study (AFM) where the measured diameters
were below 100 nm while the length is estimated from the AFM study considering that
nanofibers are several micrometers in length though the exact measurement of the length is
not possible because of the entangled structure.

The modulus prediction by Krenchel [29] might be a more reasonable model for the CNF
composites prepared by compounding and injection molding because we do not expect
aligned nanofibers after the injection molding, but rather that they are randomly distributed in
plane. In this case the modulus is predicted by following Eq (4) [29], which have also been

used for carbon nanotube composites [30].
Ecomp: Em(]' Q)"' m noErQ (4)

n; 1s the length correction factor and 7, orientation factor, being 3/8 when the fibers are
oriented randomly in plane. The #,is calculated from the following expression Eq (5, 6),
m= 1-((tanh (1/2)/(p1/2) (5)

B=1/r(En/2E In(R/r)" (6)



where the [ is the fiber length and r is the radius. R/r is predicted to be (K,/O )1/2, where K,
depends on the fiber geometrical packing, and it is chosen to be n/4, considering the square
packing.

The volume fractions of nanoreinforcements were calculated using the Eq (7),

D = (wipr) / (W/pr )+ (1- We)/pm) (7)

where, w,is weight % of reinforcements, p, represent the density of the fibers-and p,, is the
density of the matrix polymer. The following values for the matrix -and the cellulose
nanofibers were used for theoretical calculations: E,, = 2.9 GPa, E, =138 GPa [31], p,, = 1.25
g/em’, and p, = 1.58 g/em’® [32], the length of the nanofibers was predicted to be 10 pm and
the diameter was chosen to be 100 nm. The volume fractions of nanofibers were determined
to be 0.8%, 2.4%, and 4%, respectively.

The comparison between the experimental data and predictions by the Halpin-Tsai and
Krenchel are presented in Figure 5. When comparing the results one has to keep in mind that
the theoretical calculations by Halpin-Tsai are based on systems where the reinforcements are
fully dispersed and aligned in'the longitudinal direction and have perfect interfacial adhesion
to the matrix, or where the reinforcing phase is randomly distributed in the matrix (Krenchel).

Figure 5 show that CNFs have a potential as reinforcement in polymers, especially if the
fibers are aligned as seen in the model by Halpin-Tsai. The composites’ experimental values
are more near the prediction based on the Krenchel’s model, as expected because the fibers
might be randomly orientated in the PLA. The lower experimental values might be caused by
fiber aggregation, especially with higher loading and suggest possibilities for further

improvement in properties.

3.3 Dynamic mechanical properties



Figure 6 shows the storage modulus and tan delta as a function of temperature of the
prepared materials. Generally, it is possible to see that the PLA has a transition around 60°C.
The storage modulus of PLA is increased with increased nanofiber content, in glassy as well
as in rubbery state. The storage modulus of PLA has a significant drop on the transition
region, whereas the drop is relatively less for the nanocomposites. Above the transition
region, around 60°C, the modulus of the PLA nanocomposite was remarkably higher than
PLA and the improvement is most significant at 5 wt% of nanofibers, indicating entangled
nanofibers. Table 3 shows the storage modulus of the composites at two different
temperatures. The storage modulus of the CNF composites was higher in the glassy and
rubbery regions compared to pure PLA. The storage modulus data of PLA and the
nanocomposites at 25°C support the data obtained from tensile testing and the trend as well as
the values are found to be comparable. The improvement is most obvious at 70°C, where the
modulus was 2.5 GPa for PLA-CNF5 compared to 100 MPa for pure PLA. The large modulus
improvement after the relaxation, forming a “plateau” indicates entangled nanofibers and this
is most obvious for the composites with highest nanofiber content; similar tangling behavior
for nanofibers have been reported by Dufresne et al [33].

Figure 6b shows how the addition of different content of nanofibers influenced the tan
delta peak position.of PLA. As can be seen from Figure 6b, the tan delta peak is shifted to
higher temperature with increased nanofiber contents. The tan delta peak temperatures are
given in Table 3. The peak position for PLA was at 70°C and increased to 76°C for the
composites with 5% CNF. Additionally, Figure 6b shows that the intensity of the tan delta
peak decreased with the concentration of nanofiber content compared to neat PLA. This
indicates that fewer polymer chains are participating in this transition. The increase in
modulus, together with positive shift in tan delta peak position, can be attributed to physical

interaction between the polymer and reinforcements that restrict the segmental mobility of the
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polymer chains in the vicinity of the nanoreinforcements [18]. It may also be noted that
results from the viscoelastic behavior of the composites agree with the mechanical properties,
suggesting that the reinforcing effect of nanofibers in PLA led to restriction of molecular
chain mobility.
3.4 Film transparency

The visual study of the transparency of PLA and the PLA-CNF nanocomposites with
different nanofiber contents is presented in Figure 7. Generally, the transparency of the PLA-
CNF nanocomposites was good but as seen the the Figure 7 some white spots are visible in

the PLA-CNF5 composite. These spots are expected be CNF aggregates in the PLA matrix.

4. Conclusions

Cellulose nanocomposite processing via a master batch with high content of nanofibers in
PLA was attempted. The master batch and the bulk PLA were premixed and compounded
during extrusion to obtain nanocomposites with different fiber compositions.

The morphology studies of PLA and its nanocomposites showed that a relatively good
dispersion was achieved as no CNF aggregates were visible in the fracture surfaces of the
PLA-CNF1 and PLA-CNF3 nanocomposites. The PLA-CNF5 however shows small
aggregates, indicating that the nanofibers were not as well dispersed in this composite.

The visual characterization of the prepared materials showed small white spots, especially
in composites with 5 wt% CNF, which further indicated that nanofibers were aggregated in
that composite.

The evaluation of the mechanical properties of the PLA and its nanocomposite showed a
trend that the tensile strength and modulus were improved with increased nanofiber content.
The modulus of the PLA was increased from 2.9 GPa to 3.6 GPa with the addition of 5 wt%

nanofibers, and a 21% increase of tensile strength was observed.
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It was also found that the experimental modulus of the nanocomposites was lower than the
theoretical predictions based on Halpin-Tsai and Krenchel. The comparison between the
theoretical and experimental results showed that CNF has good potential as a reinforcement,
especially if the nanofibers can be aligned but also that it might be possible to improve the
properties even for randomly oriented nanofibers if the dispersion can be improved.

The DMA study indicated that the increased modulus, together with positive shift in tan
delta peak position, is attributed to physical interaction between the polymer and nanofibers
that restrict the segmental mobility of the polymer chains in the vicinity of the CNFs. Further
more, storage modulus showed a plateau after the relaxation, especially when the nanofibers
content was 5 wt% indicating entangled nanofibers.

This study shows that the melt compounding process using the master batch is a very
promising method to reach good processability of cellulose nanocomposites and achieve
improved mechanical and thermal properties for PLA. However, further work is needed to

improve the dispersion of the nanofibers in the PLA.
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Table captions

Table 1. Material formulations in the processing and in the final compositions

Table 2. Mechanical properties of the PLA and its nanocomposites with different
compositions

Table 3. Storage modulus and tan delta peak temperatures of the PLA and its nanocomposites

Figure captions

Figure 1. AFM images of isolated nanofibers after grinding process, a) height image with
measured fiber dimensions, b) fiber diameter measurements and c) amplitude image.

Figure 2. Fractured surfaces of neat PLA and its nanocomposites with different CNF
contents: a) PLA, b) PLA-CNF 1, ¢) PLA-CNF 3 and d) PLA-CNF 5

Figure 3. Detailed view of the fractured surface of PLA-CNES nanocomposite showing CNF
aggregates.

Figure 4. Tensile stress—strain curves of PLA and PLA nanocomposite based on cellulose
nanofibers

Figure 5. Experimentally measured tensile modulus for nanocomposites compared to theoretical
estimations by Halpin-Tsai and Krenchel.

Figure 6. DMA analysis of PLA and PLA nanocomposites; a) storage modulus; b) tan o
curves

Figure 7. Visual comparison of the transparency of PLA and its nanocomposites
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Table 1. Material formulations in the processing and in the final compositions

. Master batch Bulk PLA Flna_l .
Materials composition
9) (%)

PLA CNF Solvent mixture

(9) (9) (9)*
PLA 15 - 300 85 PLA (100)
PLA-CNF1 14 1 300 85 PLA-CNF (99\1)
PLA-CNF3 12 3 300 85 PLA-CNF (97\3)
PLA-CNF5 10 5 300 85 PLA-CNF (95\5)

*: Solvents were evaporated during drying of the master batch

Table 2. Mechanical properties of the PLA and its nanocomposites with different
compositions

Materials Tensile modulus Tensile strength Max strain
(GPa) (MPa) (%)
PLA 29+0.6 58.9 +0.5 34+04
PLA-CNF1 3.3+04 63.1 £0.9 28+0.3
PLA-CNF3 3.4+0.1 65.1 +0.6 27+0.2
PLA-CNF5 3.6+0.7 71.2 £0.6 27+0.1

Table 3. Storage modulus and tan delta peak temperatures of the PLA and its nhanocomposites

Materials E' at 25°C E'at 70°C Tan & peak
(MPa) (MPa) (°C)
PLA 2600 + 100 100 £ 00 70+0
PLA-CNF1 2800 + 100 170+ 30 71+1
PLA-CNF3 3100 + 200 340 + 10 73+1

PLA-CNF5 4400 + 400 2500 + 300 76+0
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