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Transition electron microscope was used to study the morphology of the samples. Black 

dots were observed in the TEM images that indicates un-uniform dispersion of the cellulose 

nanowhiskers in PLA, Figure [11].  

 

Figure 11: TEM image of PLA/CNW composite [4] 

The mechanical properties of PLA/CNW were tested, it was observed that the strength, 

modulus and elongation at break has been improved. The neat PLA has E modulus of 2.9 

GPa, strength of 40.9 MPa and elongation at break of 1.9% while the nanocomposite has 

modulus of 3.9 GPa, strength of 77.9 MPa and elongation at break of 2.7%. Figure [12] 

shows the stress-strain curve of both samples and the values are represented in table [1].  
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Figure 12: Stress-Strain curve of PLA and PLA/CNW [4] 

 

Table 1: Mechanical Properties of PLA & PLA/CNW [4] 

 

Recent study conducted by Frone et al [5] investigated the effect of cellulose nanofibers on 

the crystallinity of PLA matrix. Frone prepared PLA/cellulose matrix with two different 

cellulose particles based on the surface modification. Unmodified cellulose nanofiber 

where labeled CN and the surface modified ones were labeled SCN. 2.5 wt% of cellulose 

particles were added to PLA matrix and mixed by compound mixing method, the same 

concentration was used for both CN and SCN. 

The thermal properties were tested using DSC by Frone [5], DSC results helped to 

understand the crystallization behavior with respect to nanocomposite concentrations. The 

results obtained from DSC is presented in Figure [13], the temperature gradient was set to 
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10˚C/min. Frone noticed a change in Tg in PLA-CN compared to neat PLA and PLA-SCN, 

the glass transition temperature of PLA-CN is lower because of inhomogeneous dispersion 

of fibers in the PLA matrix which increased the free volume and the flexibility of polymer 

chains [5]. The cold crystallization temperature has the most significant effect when 

cellulose is added especially unmodified cellulose. Tcc peak was sharper and shifted to 

lower temperature compared to neat PLA, which is a result of heterogeneous 

crystallization. Unmodified cellulose fibers acted as crystallization nucleating agent which 

resulted in lower Tcc.. However, the same trend is not shown for the modified cellulose 

matrix although the same amount of fillers was added. The interfacial compatibility has 

improved between the SCN and PLA matrix which hindered the crystallization [5]. The 

enthalpy of crystallization ΔHcc was higher for the nanocomposites compared to neat PLA, 

this observation supports the idea that cellulose fillers act as nucleating agent for 

crystallization.   

 

Figure 13: DSC thermograms of PLA and nanocomposites [5]  
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II. Introduction 

Our environmental awareness has developed dramatically in recent years because of the 

rising problems in many aspects such as global warming, marine life threats and depleting 

natural resources. In plastic industry, a new direction and interest has emerged for 

developing environmental friendly and biodegradable products. Polylactic acid (PLA) is 

one of the most well-known polymers produced from renewable raw materials such as 

sugar cane and corn starch. Several studies have focused on improving and modifying the 

properties of PLA by incorporating nanofillers in polymer matrix. Cellulose nanoparticle 

is a natural nanofiller that is used to reinforce and modify the mechanical properties and 

biodegradability of PLA. In this study, cellulose nanocrystals (CNC) is used as a natural 

nanofiller to reinforce semi-crystalline PLA to produce a completely natural polymer-

based bio-composite. The aim of this work is to produce such bio-composite filaments 

using single-screw extruder and to characterize the mechanical properties of these materials 

using a fused deposition modeling (FDM) 3D printer.  

A. Materials 

1. Poly Lactic Acid (PLA) 

Polylactic acid (PLA) is an aliphatic polyester thermoplastic material. PLA is 

biodegradable with high rigidity and good optical clarity. As mentioned previously, PLA 

is produced from renewable sources such as sugar cane or corn starch. PLA can be used in 

variety of applications such as, medical implant, packaging, food appliances and others. 

There is much interest in PLA due to its biodegradable properties and there are numerous 

ongoing studies are to improve the properties of PLA using nanofillers [ Garlotta, 6]. PLA-
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based nanocomposites experienced an improvement in strength, heat resistance, moduli, 

degradability and biocompatibility. Also, a decrease in gas permeability and flammability 

have been observed [Tsuji, 7]. 

 

Figure 14: PLA chemical structure 

In this work, an extrusion grade PLA was obtained from BLACKMAGIC3D and identified 

as NatureWorks Ingeo 2003D resin. The differences in the commercial PLA grades offered 

by NatureWorks involves both the range of molecular weights and the difference sin the 

ratio of D-lactide to L-lactide isomers. Different ratio of D-lactide to L-lactide affects the 

ability of PLA to crystallize. NatureWorks does not publically specify the exact ratio of D-

to-L lactide in this grade. However, Ingeo 2003D resin was analyzed by [Clark, 8], it has 

approximately 97 wt% L-lactide and 3 wt% D-lactide. The reported technical 

specifications of Ingeo 2003D resin is shown in Table [2] below. 

Table 2: Ingeo 2003D PLA Properties 

Property Ingeo 2003D PLA 

Specific Gravity 1.24 

Tensile Strength at Break 53 MPa 

Tensile Yield Strength 60 MPa 

Tensile Modulus 3.5 GPa 
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Tensile Elongation 6.0 % 

 

 

2. Cellulose Nanocrystals (CNC) 

Cellulose is a linear polymer chain consists of carbohydrates that is connected by  (1-4) 

linked in D-glucose units, Figure [15]. Cellulose is a natural substance which considered 

as one of the most used globally. It is considered as the most abundant organic compound 

on Earth and has become an important raw material commercially in recent years [Rojas, 

9]. Cellulose is found in plant as it is the main material constructing the pants cell wall, 

also it is found in wood, tunicates, bacteria, etc.   

 

Figure 15: Cellulose Structure 

 

There are several processes that have to be conducted in order to prepare natural cellulose 

for commercial usage. In this research, cellulose nanocrystals (CNC) was purchased from 

University of Maine. University of Maine produces two types of cellulose nanoparticles; 

cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) [10]. The cellulose is treated 

with sulfuric acid to hydrolyze the amorphous region, this step produces cellulose crystals 

resistant to the acid. Purification process takes place after forming the crystals by diluting 
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and neutralizing the acid, in their labs they use two stages of dilution and setting to remove 

any contaminants in the cellulose crystals. Afterward, a membrane filtration system is used 

to ensure pure crystals are obtained. Finally, any water content is removed by another 

membrane filtration system, slurry cellulose nanoparticles are produced. The slurry product 

is sold as is or it can be freeze-dried to produce dry powder CNC which is the one used in 

this work. The specifications and properties of CNC are listed in the table below.  

Table 3: Cellulose Nanocrystals Specifications 

Test Specification 

Appearance White, odorless 

Solids 98 w/% dry powder 

Fiber dimension 5-20 nm wide 

150-200 nm long 

Density 1.5 g/cm3 

Surface property Hydrophilic  

 

Cellulose nanoparticles impose excellent mechanical properties which makes it an 

attractive material to be used as fillers in polymer matrices. However, the investigation of 

cellulose mechanical properties is challenging because several factors influence the final 

results [Moon, 11]. These factors include percent crystallinity, crystalline structure, 

anisotropy, defects, measurement methods and the source of cellulose particles.  

The mechanical properties of cellulose nanocrystals have been reported by several works 

in wide range of values due to the factors mentioned above. The tensile modulus of CNC 
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is between 105-250 GPa which is comparable to glass fiber (86 GPa), steel wire (207 GPa) 

(Nishino et al [12], Moon et al [11], Raquez et al [13]).   

III. Materials Characterization and Preparation 

Polylactic acid, that was described in previous section, was characterized before being 

processed. The characterization of PLA is important in order to manipulate the process 

parameters. The molecular weight of PLA was estimated using the dilute solution 

viscometery method. the extrusion flow rate was calculated as well as the shear rate of the 

extruder. Also, the rheological properties of PLA were measured using a rheometer. 

A. Molecular Weight Measurement of PLA   

The viscosity average molecular weight (Mv) of PLA was calculated using dilute solution 

viscometry method. Dilute solution viscometry measures the viscosity of the polymer by 

measuring the intrinsic viscosity [ of polymer solution [Sperling, 14]. Polymer solution 

was prepared by dissolving 2.0 g of PLA in 100 ml of tetrahydrofuran (THF) to make a 

2.0g/dL stock solution. Different concentrations were made by diluting stock solution in 

THF, the concentrations are 0.25, 0.5 0.75 and 1.0 g/dL. Ubbelohde viscometer uses 

capillary based method to measure the flow time of the solution. Flow time of solution and 

solvent are used to calculate the relative viscosity ηrel as per the equation [1] 

𝜂𝑟𝑒𝑙 =
𝑡𝑠𝑜𝑙

𝑡𝑠
     (1) 

Where tsol is the flow time of the solution and ts is the flow time of solvent. Another type 

of viscosity is calculated in this method which is specific viscosity ηsp.  

𝜂𝑠𝑝 = 𝜂𝑟𝑒𝑙 − 1     (2) 
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The relative viscosity is used to calculate the inherent viscosity ηinh by equation (3) which 

is extrapolated to zero to obtain the intrinsic viscosity [η].  

𝜂𝑖𝑛ℎ =
ln (𝜂𝑟𝑒𝑙)

𝑐
     (3) 

The specific viscosity is used to calculate the reduced viscosity ηred by equation (4) which 

is extrapolated to zero to obtain the intrinsic viscosity [η]. 

𝜂𝑟𝑒𝑑 =
𝜂𝑠𝑝

𝑐
     (4) 

The data obtained experimentally was used to plot the inherent and reduced viscosities to 

extrapolate the intrinsic viscosity, Figure [16]. From the plot, the intrinsic viscosity was 

estimated to be 1.36015 by taking the average values of the inherent and reduced 

viscosities. To calculate the viscosity average molecular weight Mv, Mark-Houwink-

Sakudra equation (5) 

[𝜂] = 𝐾𝑀𝑣
𝑎      (5) 

Where K and a are constants depend on the polymer and solvent at certain temperature. 

The values of K and a are 5.5x10-4 cm3.mol1/2/g3/2 and 0.639 respectively, [Garlotta, 6]. 

The molecular weight was calculated to be 204272.49 g/mol.  
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Figure 16: plot of ηsp/c and ln(ηrel)/c versus concentration, and extrapolation to zero concentration to determine [η] 

 

B. Extrusion Flow Rate and Shear Rate Measurement 

The volumetric flow rate (Q) of the extruded polymer was calculated in order to estimate 

the shear rate of the extruder at certain motor speed. Flow rate measurement was conducted 

by measuring the weight of extruded material in specific time period (3 min). the 

volumetric flow rate is calculated by the following equation, 𝑄 =
𝑚̇

𝜌
. Where 𝑚̇ is the mass 

flow rate and ρ is the density obtained from the technical data sheet. Three trials were 

conducted and the average value of Q was used to calculate the shear rate. All 

measurements were conducted while maintaining the motor speed at 18 RPM. The 

measurement data is presented in the following table: 

Table 4: Flow rate measurement data 

Trial Time (s) Weight (g) 𝒎̇ (g/s) Q (cm3/s) 

1 182.37 30.33 0.166 0.134 
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2 180.50 29.89 0.166 0.134 

3 180.20 29.37 0.163 0.131 

 

The average volumetric flow rate is 0.133 cm3/s. 

The shear rate was calculated by equation (6), at motor speed of 18 RPM and temperature 

set up as 165˚C for the screw, 165˚C for the die and 145˚C for the hopper (these 

temperatures set up was used in the extrusion process which will be discussed later). At 

0.133 cm3/s flow rate, the shear rate of the extruder equals 0.196 s-1.  

𝛾̇ =
4𝑄

𝜋𝑅3
     (6) 

Where 𝛾̇ is the shear rate and R is the radius of the screw (¾ inch). 

 

C. Polymer composites preparation 

The main purpose of this research is to prepare polymer nanocomposites of PLA with CNC. 

Different weight percentages of cellulose nanocrystals were added to PLA in two forms; 

pellets and powder. The first attempt of making polymer composites was with PLA pellets 

which were dried at 80˚C for 24 hours. Cellulose powder was added to the dried pellets 

and mixed mechanically overnight. The mixture was fed into the extruder hopper, but due 

to the difference in size between the cellulose powder and PLA pellets it was observed that 

the powder falls down to the bottom of the hopper first which result in poor mixing. After 

the first attempt, it was observed that mixing two different shapes and sizes of materials 

will result in poor mixing and un-uniform filament. To encounter this issue the PLA pellets 
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was sent to Air Product and Chemicals facility for grinding, PLA pellets were grinded and 

particles of 200 m were obtained. After getting the PLA powder, different weight ratio of 

cellulose to PLA mixtures were prepared. 1, 2, 5 and 10 weight percent of CNC added to 

PLA and the composites were named PLA-1, PLA-2, PLA-5 and PLA-10 respect to the 

cellulose content. All materials were mechanically mixed for 24 hours and then dried at 

80˚C for another 24 hours to be ready for processing.  

 

D. Melt Rheology Analysis 

Rheological analysis of polymer melt gives important information about polymer flow 

properties which is vital information in processing. Polymer melt rheology was conducted 

using TA instrument Discovery Hybrid Rheometer (DHR-2), steel parallel plates set up 

was used to measure the melt viscosity and stress with respect to ramping shear rate at 

constant temperature. The prepared samples with different cellulose concentrations were 

tested at two temperatures 160˚C and 170˚C, the shear rate was increased from 0.1 to 10 s-

1.  

The results for the first test of all samples at 160˚C are shown in Figure [17]. Form the 

graph, it appears that all samples have steady viscosity for low shear rate, form 0.1 till 1 s-

1 the viscosity is almost constant. The only different trend is shown in PLA-2, this bio-

composite has high viscosity when the test start at about 102 kPa.s but it yields immediately 

with increasing the shearing rate. This observation suggests that the processing window for 

PLA-2 is narrow compared to other samples. From the extruder shear rate calculation, the 

experiment shear rate was 0.196 s-1. At this shear rate, all samples have stable melt viscosity 
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which allow for good processing conditions except PLA-2 as mentioned before. Another 

noticeable difference in the results is the low value of PLA-10 viscosity, at low shear rate 

the viscosity is around 2.3 kPa.s compared to other samples where the viscosity is around 

10 kPa.s.   

 

Figure 17: Melt viscosity (Pa.s) vs shear rate (1/s) at 160˚C 

 

The same samples were tested at higher temperature (170˚C), the results are presented in 

Figure [18]. As expected, the viscosity drops down as the temperature increases, the values 

show bigger gap among the samples not like at lower temperature. Steadier graph of PLA-

2 is observed at 170˚C at lower shear rate. at the extruder shear rate, all samples showed 

steady and almost constant viscosity which allows for excellent processing condition.  
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Figure 18: Melt viscosity (Pa.s) vs shear rate (s-1) at 170˚C 
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IV. Filament Extrusion 

In this research, Hot Melt Extrusion (HME) process was used to mix the polylactic acid 

with cellulose nanocrystals. Hot melt extrusion is a continuous process where heat and 

pressure are applied to the polymer to melt it and pumped the polymer through an orifice. 

The main feature of the HME process is that its ability to produce uniform shape and 

density polymer filament. HME consists of an extruder where the polymer is processed, 

cooling system to cool down the material extruded and downstream spooler for finalizing 

the filament spools.  

A. Extruder  

The main equipment in the HME process is the extruder, a single-screw Branbender 

Processing Plasti-Corder PL-2000 extruder provided by C.W.Brabender was used in this 

research. The extruder is equipped with temperature control unit and a motor. The single-

screw extruder consists of a hopper used to feed in the polymer, a barrel that contains a ¾ 

inch single-stage mixing screw of L/D 20:1 to push-down the melted polymer and a 1/8-

inch die (orifice) to control the diameter of the filament produced. The extruder has three 

thermocouples attached to it to control the temperature throughout the process. The 

locations of the thermocouples are in the hopper, the screw and the die. The temperature is 

control by auxiliary attached temperature control system supplied by C.W.Brabender as 

well. A motor is attached to the extruder to control the rotation speed of the screw. 

Temperature and motor speed can be adjusted online while extruding to obtain the desired 

filament diameter. 
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B. Set up and Preparation 

The work station set up for the hot melt extrusion process was prepared to produced 

uniform diameter polymer filament. The lab set up consists of the extruder which was 

discussed in previous section. Cooling system, in this case a water bath was used to cool 

down the extruded filament directly after it is pushed out the die. Water cooling helps to 

harden the extruder filament which makes it easier to process afterward. After the cooling 

bath the filament goes into an optical micrometer to measure its diameter. The micrometer 

used in this work was provided by Micro-Epsilon, OptoControl uses the principle of 

shading or light-quantity measurement to determine the dimension of the filament. The 

main advantage of the micrometer is that it has the ability to record the measurement and 

show it while the process is running. This helps to modify and adjust process conditions to 

obtain better filament quality. Then, Filabot spooler is used to make the final product 

filament. Filabot spooler allows for fine tuning of filament diameter by adjusting the speed 

of the draw wheel. It also has a traverse system that distributes the material across the spool 

to minimize entanglement. The lab set up is shown in Figure [19]. 
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Figure 19: Extrusion set up 

C. Results 

The hot melt extrusion system described above was used to produce filaments with 

different weight ratio of CNC to PLA. Temperature control was carried on based on the 

rheometer results of melt viscosity. The speed of motor for extrusion was modified and 

adjusted depending on the live measurement of filament diameter through the optical 

micrometer as well as adjusting the draw speed of the spooler wheel. 

Neat PLA (nPLA) was extruded to be used as reference point of measurement and 

characterization later. The system temperatures were as follow; 145˚C for the hopper, 

170˚C for the screw and 170˚C for the die. The motor speed and spooler draw speed was 

adjusted accordingly. Figure [20] shows the filament diameter as it was extruded, at low 

motor speed (8 RPM) the diameter was around 1.1~1.4 mm and as the speed increases the 

desired diameter is achieved (1.7~1.8 mm) at 18 RPM. This diameter range was considered 

to be the desired diameter based on several attempts in 3D printing which will be discussed 

later. Figure [21, a] shows a picture of the nPLA filament which appears uniform in shape. 
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For comparison sake, the diameter of commercial PLA filament was measured via the 

optical micrometer. As shown in Figure [20], the commercial filament has consistent 

diameter within the printable range. 

 

Figure 20: Extruded and commercial filaments diameter recorded by micrometer 

The same procedures followed for 1 wt% CNC/PLA composite (PLA-1), parameters were 

adjusted while measuring the diameter. Two trials were carried on for the PLA-1, the first 

one resulted in bad shaped filament with a lot of air bubbles captured inside the filament. 

The most probable reason for this issue is insufficient drying. Cellulose structure contains 

six hydroxyl group that attract water molecules due to dipole interactions and will thus 

form hydration shells around them. To encounter this issue, another 1 wt% mixture was 

prepared and dried at 83˚C overnight. The dried mixture was extruded immediately after 

getting it out the oven, the set temperatures to obtain decent filament diameter were 140˚C 

for the hopper, 160˚C for the screw and 160˚C for the die and motor speed was 18 RPM. 

Extruded PLA-1 filament is shown in Figure [ 21, b].   
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The same practice was followed for the other mixtures, they were labeled as PLA-2, PLA-

5 and PLA-10 according to the cellulose weight content. The process control parameters 

for each filament are listed in the table below. The extrusion process for PLA-2 and PLA-

5 produced uniform filament while PLA-10 filament has irregular rough surface. The 

irregular shape of PLA-10 is due to insufficient drying which created air bubbles. The 

filaments of PLA-2, PLA-5 and PLA-10 are shown in Figure [21, c, d & e] respectively.  

Table 5: Conditions used to produce CNC-filled PLA 

Composite 

Name 

CNC wt % 

Extruder Temperature (˚C) Motor Speed 

(RPM) Hopper Screw Die 

PLA 0 145 170 170 18 

PLA-1 1 140 160 160 18 

PLA-2 2 145 165 165 18 

PLA-5 5 140 165 165 18 

PLA-10 10 143 165 165 18 
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Figure 21: PLA extruded filament, a) neat PLA, b) PLA-1, c) PLA-2, d) PLA-5, e) PLA-10 
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V. Filament Characterization 

Thermal properties and filament composition were examined for the extruded filaments. 

Thermal properties were studied using differential scanning calorimetry and 

thermogravimetric analysis. Compositions, in terms of cellulose nanofiller concentration 

were determined via Fourier transfer infrared spectroscopy. This chapter will discuss the 

method and results of each of these tests.  

A. Differential Scanning Calorimeter (DCS) 

In this study, TA Instrument Q2000 Differential scanning calorimeter (DSC) was used to 

characterize and measure the glass transition temperature (Tg), cold crystallization 

temperature (Tcc), melting temperature (Tm), enthalpy of melting (ΔHm) and degree of 

crystallinity (Xc). Each sample was heated up from 25˚C to 200˚C and cooled down to 

25˚C at 10˚C/min rate for both heating and cooling. Sample size of 10-15 mg was prepared 

and placed in aluminum pan and measured while an empty aluminum pan was used as 

reference point.  

All data was obtained directly from the DSC software (Platinum™ Software) except the 

degree of crystallinity, which is calculated for cold crystallization peak and melting peak 

by the following equations [7 & 8].  

𝑋𝑐,𝑚 =  
∆𝐻𝑚

∆𝐻𝑚0
 ×  

100

𝑤
     (7) 

𝑋𝑐,𝑐𝑐 =  
∆𝐻𝑐𝑐

∆𝐻𝑚0
 ×  

100

𝑤
     (8) 
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Where ΔHm and ΔHcc are the enthalpy of melting and enthalpy of cold crystallization 

respectively. ΔHm0 is the enthalpy of melting of 100% crystalline PLA, which is 93 J/g 

obtained from (Nam et, [15] al & Ljungberg, [16]). w is the amount of PLA in the sample.  

DSC plot of all five composites was generated as heat flow plotted against temperature. 

The first graph is for the heating cycle and it is shown in Figure [22]. The first peaks in the 

graph are related to the glass transition temperature (Tg). For all samples the glass transition 

temperatures are within the range [59 – 63 ˚C]. These values match the reported value in 

the technical data sheet from NatureWorks. The second peaks are corresponded to the cold 

crystallization temperature (Tcc). The cold crystallization peak of neat PLA occurred at 

122.5˚C, the peak is broad and weak as shown in the Figure. The same behavior was 

observed in cold crystallization peaks of PLA-2, PLA-5 and PLA-10 where Tcc range 

between 115˚C and 125˚C. However, great difference is noticed in the crystallization 

temperature of PLA-1, this nanocomposite started to crystallize at lower temperature 

(102.9˚C). Cellulose nanocrystals act as nucleating agent which helped to increase the 

crystallinity of PLA-1 that appears in Tcc peak. The same behavior is not observable in 

higher concentration of CNC which suggest that at higher concentration CNC particles 

restrict the motion of polymer chains and prevent crystallization. The area under the curve 

is used to calculate the degree of crystallinity of polymer, Platinum™ Software gives the 

value of the enthalpy of crystallization ΔHcc which is plugged in equation (8) to find Xc,cc. 

PLA-1 has the higher degree of crystallinity with value of 31.96%. This value is higher 

than neat PLA where Xc,cc is equal to 21.9%. The degree of crystallinity for the other 

composites is below 20% which is less than the neat PLA. The third peaks are for the 

melting temperature (Tm), the value of melting temperatures is around 150˚C for all 
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samples. The only odd value is noticeable at PLA-1 where the polymer melts at 168.6˚C.  

The cellulose particles in PLA-1 acted as nucleating agents and formed crystallites at lower 

temperature as mentioned before, and since there is less restriction of motion for polymer 

chains, these crystallites grew bigger in size and affected the melting temperature. The 

degree of crystallinity obtained from the enthalpy of melting ΔHm was calculated using 

Equation (7). The values of Xc,m is slightly higher for PLA-2, PLA-5 and PLA-10. Whereas 

Xc,m for PLA-1 is 43.8% which is almost 11% higher than Xc,cc.  

 

Figure 22: DSC graph of polymer nanocomposites (first heating cycle) 

 

The values obtained from DSC are presented in table [6] as well as the calculated degree 

of crystallinity.  

 


