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An extensional flow mixture (EFM) system was studied, with the goal of 
achieving better distributive and dispersive mixing. The effects of different 
mixing strategies (masterbatch method (MB), polyethylene-grafted maleic 
anhydride (PE-g-MA) as a compatibilizer, and compounding devices, such 
as a single screw extruder (SSE), a twin screw extruder (TSE), and an 
extensional flow mixer (EFM)) on the mechanical, thermal, rheological, 
and morphological properties of ultrafine cellulose (UFC)-filled high-
density polyethylene (HDPE) composites were investigated. Maximum 
tensile strength (17.7 MPa), tensile modulus (0.88 GPa), flexural strength 
(18.8 MPa), and flexural modulus (0.63 GPa) were obtained from the MB 
compounding method. The maximum stress-strain (13.8%) was obtained 
with EFM compounding. Polymer composites from SSE and SSE/EFM 
compounding methods with PE-g-MA exhibited slightly higher crystallinity 
compared with other compounding methods. The storage modulus of the 
samples prepared with the MB method was higher than those prepared 
with the SSE compounding method. The UFC-filled HDPE composites 
from the EFM compounding process exhibited lower melt viscosities than 
the other composites at high shear rates. Scanning electron microscopy 
(SEM) images showed the cellulose to be distributed and dispersed 
reasonably well in the HDPE matrix when using a coupling agent in 
combination with the MB and EFM compounding methods.  
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INTRODUCTION 
 

In recent years, the use of renewable cellulose for polymer composites has attracted 

much attention as an environmentally friendly natural material. Cellulose-based micro- and 

nanomaterials are considered alternatives to inorganic filler-reinforced thermoplastic 

polymer composites for construction, automotive, and packaging applications (Yang and 

Gardner 2011; Endo et al. 2013; Abdul Khalil et al. 2014). These new materials can provide 

strong reinforcement in polymer composites (Henriksson et al. 2007; Ramires and 

Dufresne 2011). Micro- and nanocellulose has favorable features, such as renewability, 

biodegradability, high surface area, high modulus, high strength, and low density, in 

comparison to commercial fillers (e.g., talc and glass fibers). Micro- and nanocellulose 

have been used in many applications, including reinforcement of transparent polymers, thin 

films of polymer electrolytes for lithium battery applications, and optoelectronic devices 
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(Hitoshi and Akira 2007; Khalil et al. 2012; Ozen et al. 2013; Pandey et al. 2013). In spite 

of some advantages, these renewable materials have undesired properties, such as limited 

thermal stability at typical melt processing temperatures of approximately 200°C, limited 

compatibility with many thermoplastic matrices attributable to their highly hydrophilic 

properties, poor dispersion characteristics in the non-polar thermoplastic melt because of 

strong hydrogen bonding forces between the fibers, and high moisture absorption of the 

fibers affecting the dimensional stability of the composite materials (Khalil et al. 2012; 

Kiziltas et al. 2013; Pandey et al. 2013). 

The key challenge to uniform compounding is providing uniformly distributed and 

disperse mixing of fillers in polymer matrices (Rauwendaal 1998; Wang and Zloczower 

2001). Composites reinforced with micro- and nanocellulose have excellent mechanical 

properties compared to other biomaterials, such as wood fiber and agricultural wastes 

(Walther et al. 2010; Josefsson et al. 2014). It has been reported that the processing method, 

the morphology and dimensions of the cellulose, the microstructure of the matrix, and the 

matrix/filler interaction all influence the mechanical properties of cellulose 

nanocomposites (Ramires and Dufresne 2011). It is especially important to develop 

methods and procedures for the uniform dispersion of micro- and nanocellulose in non-

polar polymer matrices, such as polyethylene (PE), polypropylene (PP), and polylactic acid 

(PLA) (Balatinecz et al. 1999; Caulfield et al. 2001; Kiziltas et al. 2016a,b). Recently, PE-

based micro- and nanocomposites have received considerable interest in electrical 

insulation, biomedicine, packaging, construction, furniture, aerospace, and automotive 

applications (Panaitescu et al. 2007a; Pöllänen et al. 2013). Previously, cellulose-based 

micro- and nanomaterials have been used as fillers in PE matrices (Bataille et al. 1990; 

Herrera-Franco and Aguilar-Vega 1997; Panaitescu et al. 2007b; Tajeddin et al. 2009; 

Shumigin et al. 2011; Sdrobiş et al. 2012; Pöllänen et al. 2013; Kiziltas et al. 2016a). The 

cellulose-filled PE composites are melt-mixed using a Brabender mixer, a conical twin-

screw microcompounder, and a twin-screw extruder (TSE) (Shumigin et al. 2011; Sdrobiş 

et al. 2012; Kiziltas et al. 2016a). The chemical compatibility of hydrophilic cellulose and 

hydrophobic PE, in addition to the cellulose dispersion in PE matrices, have been improved 

with the addition of a coupling agent, chemical treatment of the cellulose surface, and a 

carrier system for cellulose-filled PE micro- and nanocomposites (Sdrobiş et al. 2012; 

Pöllänen et al. 2013; Kiziltas et al. 2016a).  

Single-screw extruders (SSE), twin-screw extruders (TSE), and extensional flow 

mixers (EFM) are used to compound micro- and nanocomposite materials and enhance 

dispersion of micro- and nanoscale fillers in different polymer matrices (Li et al. 2007; 

Utracki 2007; Boran et al. 2016). The formulations are exposed to strong extensional flow 

fields in EFM. The elongational stress in EFM is generated in the gap space between the 

convergent-divergent (C-D) plates controlled by the geometry of the mixing cavity. These 

C-D plates have an adjustable gap, a hyperbolic convergence to direct the compound 

aggregates in the flow direction, and a divergent part to randomize the flow. The geometry 

of the C-D plates in EFM provides the balance of the extensional to shear stress from within 

the C-D plates (Li et al. 2007). The EFM method has the following advantages: the mixture 

of the two fluids is exposed to strong extensional flow fields; a series of holes are replaced 

by slits to decrease the pressure drop; the flow fields are occurring through a series of 

divergences and convergences of increasing intensity; the slit gaps are adjustable (Utracki 

et al. 2003) so that the flow can be controlled by the geometry of the mixing cavity (Nguyen 

and Utracki 1995; Luciani and Utracki 1996; Bourry et al. 1999). Currently, the most 

homogenous dispersion of nanofiller within the polymer matrix is usually achieved by MB 
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compounding, combined with SSE and EFM. Nevertheless, this approach has not been 

investigated for nanocellulose-reinforced thermoplastic composites. 

As previously mentioned, the primary problem associated with micro- and nano-

composites is their ability to obtain a homogeneous dispersion of fillers within the polymer 

matrix (Prashantha et al. 2009). The homogenous dispersion of micro- and nanoparticles 

is difficult within a polymer blend. The MB compounding method is a concentrated 

mixture of fillers encapsulated during melt compounding into a carrier resin and one of the 

simplest and is one of the most economical methods in processing of micro- and 

nanoparticles in composites. This method has been applied to overcome the shortcomings 

of filler homogeneity and to improve processing characteristics, physical, and mechanical 

properties of composites (Lee et al. 2008; Joo et al. 2011). Importantly, the dispersion of 

micro- and nanocellulose in MBs should be investigated and the dilution process should be 

carried out under appropriate processing conditions to obtain a well-dispersed micro- and 

nanocellulose PE matrix, as seen in multi-wall carbon nanotube nanocomposites 

(Prashantha et al. 2009). It is also necessary to understand the effects of cellulose and 

compatibilizers on the mechanical, thermal, and rheological properties of polymer/ 

cellulose composites (Lee et al. 2008). To obtain nano/micro cellulose-based thermoplastic 

composites with acceptable mechanical properties, the filler dispersion within the matrix 

is a key criterion in non-polar polymer matrices, such as PE and PP. For example, cellulose-

filled PE composites are typically melt-mixed in a Brabender mixer, conical twin-screw 

extruder, or SSE. Another way to enhance the dispersion of nano- and micro-fillers within 

the matrix is the use of SSE, TSE, and EFM, which is rather rare. Chemical compatibility 

between hydrophilic cellulose filler/reinforcement and hydrophobic polymer matrix, such 

as PE, has been improved with coupling agents or chemical treatment of the filler’s surface. 

Improved compatibility between the matrix and the filler typically leads to better filler 

dispersion within the polymer matrix. Furthermore, the role of the coupling agent to 

improve the dispersion of cellulose in PE and its adhesion towards the polymer matrix, as 

well as the EFM compounding method, has yet to be thoroughly examined.  

In this study, the HDPE/ultrafine cellulose (UFC) composites were produced by 

different compounding methods, including single-pass extrusion and MB compounding 

methods with or without EFM. The composites were characterized to determine their 

mechanical, thermal, and rheological properties. 

 

 
EXPERIMENTAL 
 
Materials 

The HDPE powder was supplied in the form of polymer pellets by Equistar 

(Houston, Texas, USA), and PE-g-MA, the compatibilizer, was obtained from the 

Polybond Co. (Greensboro, North Carolina, USA). The ultrafine cellulose powder (UFC), 

with an average particle size of 8 µm, was supplied by J. Rettenmaier & Sohne (Rosenberg, 

Germany). The materials’ properties are listed in Table 1. The extensional flow mixer 

(EFM) was attached to SSE in an attempt to obtain the best polymer mixing and dispersing. 

The EFM was adjusted with a gap between the C-D plates and set as h=20 µm after 

pretesting. 
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Table 1. Material Properties  

*PE-g-MA: Polyethylene-grafted maleic anhydride 
 

Methods 
Masterbatch(MB)method 

The HDPE and UFC had an initial moisture content (MC) of approximately 6%. 

The HDPE and UFC were dried for a minimum of 16 h until they reached below 1% MC 

in an oven at 80 °C. All moisture measurements were performed according to the ASTM 

D 5229 M14 (2014) testing standard. First, the HDPE powder was mixed with the UFC by 

thermal compounding using a C.W. Brabender Prep-mixer® (South Hackensack, NJ, 

USA) with a bowl mixer to obtain a MB containing 10% UFC. The mixer temperature was 

set at 160 to170 °C, with a melting temperature of 170 to 180 °C, and a rotor speed of 60 

rpm. The procedure for the MB compounding method was as follows: the reaction chamber 

was heated to 180 °C and the mixer was set at 60 rpm; then, the HDPE powder was fed 

into the chamber; the HDPE powder was completely melted after 5 min; the UFC was 

slowly added to the HDPE melt; the system was kept closed for 5 min; after the thermal 

mixer was stopped, the blending material obtained was removed from the mixing system. 

In the second step, the MB was diluted to 4 wt.% UFC. The dilution was performed 

using a SSE (Davis-Standard, Pawcatuck, North America, USA) or a SSE/EFM. Based on 

our preliminary results, the EFM was adjusted with the gap between the C-D plates at h=20 

µm. The PE-g-MA was premixed with other materials before the extrusion process. The 

extrudate was solidified directly in an air-cooling system after the SSE or SSE/EFM 

process while being pulled with a 2201 Series End Drive Conveyor from Dorner MFG 

Corp. (Hartland, WI, USA). The solidified extrudate was pelletized using a pelletizer for 

the laboratory extrusion runs from C.W. Brabender Instruments, Inc. (South Hackensack, 

New Jersey, USA). The processing parameters for the MB compounding method are shown 

in Table 2. 

 

Single pass method  

The UFC and PE-g-MA were dried in an oven at 80°C overnight before melt 

compounding. The HDPE powder, PE-g-MA, and UFC were premixed concurrently, 

placed in the extruder feed hopper, and then into a speed mixer. The sample was extruded 

at 60 rpm using a C.W. Brabender 20 mm clamshell segmented twin screw extruder, 

attached to the Intelli-Torque Plastic-Corder drive system (C. W. Brabender Instruments, 

(South Hackensack, New Jersey, USA)) for TSE and the screw configuration of the system 

was the stand-alone TSE20/40D version. The same pelletizer and cooling systems were 

used. The processing parameters are shown in Table 2. 

 

Material /Trade name 
Diameter 

 (µm) 

Melt Flow 
Index(MFI) 
(g/10 min) 

Density 
(g/cm3) 

Melting 
Point (MP) 

(°C) 
Supplier 

UFC/ 
Arbocel® UFC 100 

8 - 1.56 - JRS 

High Density 
Polyethylene (HDPE) 
/MicrotheneMP655962 

300-500 5 0.95 128 Equistar 

PE-g-MA/ 
Polybond® 3029 

- 4 0.96 130 Polybond 
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Table 2. (a) Temperature (°C) Profile for the SSE, TSE, and EFM; (b) Processing 
Conditions used in Injection Molding, SSE, and TSE Compounding 

a) Single-screw extruder(SSE) 

Zones Z-1 Z-2 Z-3 Z-4 Clamp Die 

Temp. (°C)  145 145 150 150 160 170 

a) Twin-screw extruder(TSE) 

Zones Z-1 Z-2 Z-3 Z-4 Z-5 Die 

Temp. (°C)  145 145 150 150 160 170 

a)Extensional flow mixer(EFM) 

Zones Z-1 Z-2 Z-3  

Temp. (°C)  190 200 200 

b) Process parameters  

Twin screw speed (rpm) 60 

Single screw speed (rpm) 50 

Injection pressure (MPa) 17 

Holding time (s) 10 

Cooling time (s) 10 

Injection mold temperature (°C) 180 

Injection barrel temperature (°C) 180 

 

Table 3 shows the composition and designation of UFC-filled HDPE polymer 

composites. The SSE, SSE/EFM, and TSE samples are also symbolized as S, E, and T, 

respectively (Table 3). The weight ratio of UFC to PE-g-MA was held constant at 1:2 

throughout this study, based on the preliminary findings. For mechanical testing, the 

pelletized samples were dried at 80 °C overnight before being injection molded All samples 

were injection molded using a barrel temperature of 180 °C, mold temperature of 180 °C, 

and injection pressure of 17 MPa. 

 

Table 3. Composition and Designation of UFC-filled PE Polymer Composites 

Sample 
Designation 

High Density 
Polyethylene 

(HDPE) 

Polyethylene 
graft maleic 
anhydride 
(PE-g-MA) 

(wt.%) 

Ultrafine 
cellulose 

(UFC) 
(wt.%) 

Processing method 

S 100 - - SSE 

S/E 100 - - SSE/EFM 

C/S 96 4 - SSE 

UFC/S 96 - 4 SSE 

UFC/T 96 - 4 TSE 

UFC/S/E 96 - 4 SSE/EFM 

UFC/S/MB 96 - 4 SSE/MB 

UFC/S/E/MB 96 - 4 SSE/EFM/MB 

UFC/C/S 88 8 4 SSE 

UFC/C/S/E 88 8 4 SSE/EFM 

UFC/C/S/MB 88 8 4 SS/MB 

UFC/C/S/MB/E 88 8 4 SSE/MB/EFM 

SSE: Single-screw extruder; TSE: Twin-screw extruder; EFM; Extensional flow mixer; UFC: 
Ultrafine cellulose; MB: Masterbatch; C: Coupling agent 
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Mechanical Tests 
All the mechanical tests were carried out in an environmentally controlled room at 

23 ± 2 °C and 50±5% relative humidity. 

Tension testing 

The tensile tests were performed using an Instron 5966 (Norwood, MA, USA) with 

a 10-kN load cell at a crosshead speed of 5 mm/min, according to ASTM D638-10 (2010). 

The dimensions of specimens were selected as 5x13x165 mm. The elongation of the tested 

specimen was determined with an extensometer. The modulus was determined according 

to the slope. The tensile strength was determined as the maximum load divided by the 

initial cross-sectional area. A minimum of six samples were tested for each composition, 

coupled with the relevant processing method, and the samples were pooled. 

 

Flexural testing 

Flexural tests of the samples were performed according to ASTM D790-10 (2010). 

The flexural tests were conducted using an Instron8872 (Norwood, MA, USA) with a 1-

kN load cell. The size of samples was 5 mm x13 mm x120 mm. The support span was 50 

mm. The sample was placed on two supporting pins and set a specified distance apart. The 

test was stopped when the specimen broke before 5%. All of the samples were tested at a 

loading rate of 1.25 mm/min. At least six specimens were tested for each composition. The 

flexure test results are depicted as the mean of all tested samples.  

 

Izod impact test 

The notched Izod impact tests according to ASTM D256 (2010) were carried out 

using a Resil 50 B impact testing machine (Ceast®, Akron, Ohio, USA). The specimens 

were prepared at 5 mm x 13 mm x 65 mm. These specimens were clamped to the bottom 

of the test fixture. The hammer of this test machine was 2.75 J, and this hammer was 

released from a specified height. The depth under the sample width and the notch were 

entered before the machine recorded the energy required to break the test sample. A 

minimum of 10 samples were tested from each composition and the test results were 

reported the mean of all of the tested samples. 

 

Differential scanning calorimetry (DSC) 

Differential scanning calorimetry was performed on a TA Q2000 (TA Instruments, 

New Castle, USA) analyzer, and a sample weight of 8 to10 mg was used to measure the 

thermal transitions of composites, including the crystallization temperature (Tc), melting 

temperatures (Tm), and enthalpy of transitions(ΔH). The samples were equilibrated at 25 

°C for 5 min, and then heated at a rate of 20 °C/min to 200 °C. Then, the samples were 

held for 5 min to erase thermal history, and cooled at a rate of 10 °C/min to 0 °C. Next, the 

samples were held for 5 min and heated at a rate of 10 °C/min to 200 °C. All of these 

procedures were performed under a nitrogen atmosphere. The melting temperatures (Tm) 

were determined from a second scan, and Tm was recorded as the peak temperature of the 

melting endotherm.  

The ‘all samples’ crystallinity (Xc) index, which is an indication of the amount of 

crystalline region in the polymer with respect to amorphous content, was calculated as 

follows (Kiziltas et al. 2013), 

𝑋𝑐 =
∆𝐻𝑓 × 100

∆𝐻°𝑓 × 𝜔
 

       (1) 
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where ΔHf  is the heat of fusion of the neat HDPE and composites, ΔH°f  is the heat of 

fusion for 100% crystalline HDPE (ΔH100=287.3 J/g), and ω is the mass fraction for 

HDPE in the composites (Mirabella and Bafna 2002). The results were calculated as the 

mean of three samples. 

 

Rheology 

Rheological properties of the composites were measured by a stress-controlled 

Bohlin Gemini rheometer (Aimil Ltd., New Delhi, USA) with a parallel plate fixture (25 

mm diameter) at a temperature of 180 °C. The gap between the two parallel plates was 

maintained at 2 mm to calculate the storage moduli (G′). All of the samples were set 

between the parallel plates after loading. The rheological measurements were used to 

determine the dynamic complex viscosity (|η|*), the storage and loss moduli (G′ and G′′), 

and the loss factor (tan δ) to evaluate of the rheology properties of the samples. A strain of 

1% was used to ensure all measurements were tested within the linear viscoelastic range 

for each sample (Kiziltas et al. 2013). 

 

Scanning electron microscopy (SEM)  

Scanning electron micrographs were used to assess the degree of cellulose 

dispersion within the PE matrix. Test specimens were immersed in liquid nitrogen and 

fractured. The fractured surfaces were gold sputtered and inspected on a ZEISS EVO LS 

10 (North Chesterfield, VA, USA) scanning electron microscope. The SEM images were 

recorded at 10 kV using 2000X magnification. 

 

Statistical analysis 

Differences among treatment groups were analyzed using one-way analysis of 

variance (ANOVA) and the means were separated using the Tukey-Kramer (HSD) method 

of pair wise comparison if the overall ANOVA model was significant (P<0.05) (JMP 

Statistical Discovery Software Version 8). 

 

 

RESULTS AND DISCUSSION 
 

Mechanical Properties  
Table 4 indicates the mechanical properties of the neat HDPE- and UFC-filled 

HDPE composites. UFC/C/S/MB method resulted in a maximum tensile strength of 17.7 

MPa. The tensile strength of the samples ranged from 15.3 MPa to 17.7 MPa. When the 

coupling agent was introduced, the tensile strength for all of the compounding methods 

improved considerably. It is known that coupling agent strengthens cellulose-based 

polymer composites and decreases the moisture absorption of cellulose fibers (Botros 

2003). The effect of PE-g-MA on the mechanical properties of microcrystalline cellulose 

and viscose fibers was also studied by Pöllänen et al. (2013). They found that PE-g-MA 

increased the tensile strength by increasing the adhesion between the filler and the HDPE 

matrix, based on SEM results (Pöllänen et al. 2013). Tokihisa et al. (2006) declared that it 

was unclear why the SSE/EFM compounding method increased performance because of 

better dispersion compared with the TSE/EFM compounding method. It is known that 

better dispersion was obtained under mild compounding conditions (Dennis et al. 2001; 

Tokihisa et al. 2006). 
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Table 4. Mechanical Properties of the Neat HDPE- and UFC-filled HDPE 
Composites 

Samples 
Tensile properties Flexural properties  

I.S. 
(J/m) 

ε  
(%) 

σt  

(MPa) 
Et 

(GPa) 
Ef 

(GPa) 
σf 

(MPa) 

S 
13.4 
(bc) 
(0.5) 

16.3 (d) 
(0.5) 

0.78(abcd) 
(0.07) 

0.51 (de) 
(0.02) 

15.7 (f) 
(0.4) 

127.4 (b) 
(11.1) 

S/E 
15.3 (a) 

(0.5) 
15.7 (e) 

(0.3) 
0.72 (cd) 

(0.05) 
0.53 (d) 
(0.02) 

16.0 (ef) 
(0.2) 

155.5 (a) 
(15.2) 

C/S 
12.0 (ef) 

(0.4) 
17.1 (bc) 

(0.2) 
0.84 (ab) 

(0.09) 
0.53 (d) 
(0.01) 

16.1 (ef) 
(0.3) 

140.2 (b) 
(12.7) 

UFC/S 
13.3 
(bcd) 
(0.3) 

15.5 (e) 
(0.1) 

0.75 (bcd) 
(0.03) 

0.50 (e) 
(0.01) 

15.5 (f) 
(0.3) 

68.7 (c) 
(5.7) 

UFC/T 
13.7 (b) 

(0.2) 
15.8 (de) 

(0.3) 

0.78 
(abcd) 
(0.04) 

0.57 (c) 
(0.01) 

17.2 (cd) 
(0.1) 

70.5 (c) 
(2.8) 

UFC/S/E 
13.8 (b) 

(0.3) 
15.9 (de) 

(0.3) 
0.83 (ab) 

(0.04) 
0.61 (ab) 

(0.01) 

17.8 
(abcd) 
(0.2) 

59.8 (cd) 
(2.9) 

UFC/S/MB 
13.2 
(bcd) 
(0.5) 

15.5 (e) 
(0.1) 

0.82 (abc) 
(0.05) 

0.53 (d) 
(0.02) 

16.7 (de) 
(0.2) 

62.9  (c) 
(6.3) 

UFC/S/MB/E 
13.3 
(bcd) 
(0.7) 

15.6 (e) 
(0.2) 

0.81(abc) 
(0.05) 

0.59 (bc) 
(0.01) 

17.8 (abc) 
(0.1) 

60.6 (cd) 
(3.1) 

UFC/C/S 
12.7 
(cde) 
(0.4) 

17.3 (ab) 
(0.2) 

0.69 (d) 
(0.02) 

0.58 (bc) 
(0.01) 

17.8 (bc) 
(0.2) 

63.4 (c) 
(5.7) 

UFC/C/S/E 
11.9 (ef) 

(0.2) 
17.2 (bc) 

(0.1) 
0.87 (a) 
(0.02) 

0.59 (bc) 
(0.01) 

17.3 (cd) 
(0.3) 

71.4 (c) 
(4.6) 

UFC/C/S/MB 
11.5 (f) 

(0.5) 
17.7 (a) 

(0.3) 
0.75 (bcd) 

(0.05) 
0.63 (a) 
(0.01) 

18.8 (a) 
(0.2) 

49.8 (d) 
(4.6) 

UFC/C/S/MB/E 
12.6 
(de) 
(0.4) 

16.8 (c) 
(0.2) 

0.88 (a) 
(0.04) 

0.61(ab) 
(0.02) 

18.4 (ab) 
(0.1) 

50.1 (d) 
(4.8) 

 
*The values in the parentheses are standard deviations 
**Means with the same letter for each property were not significantly different at the 5% significance 
level 
ε: Strain at the maximum stress 

 

The addition of the coupling agent to the EFM compounding method resulted in a 

better tensile modulus than the UFC/C/S and UFC/C/S/MB compounding methods. The 

EFM attachment to the SSE provided a better tensile modulus than the UFC/S 

compounding method. Combining SSE and MB demonstrated a minor improvement in the 

tensile modulus over the MB only method. It has been reported that clay-containing 

polymeric nanocomposites using SSE/EFM compounding resulted in better dispersion and 

mechanical performance compared with TSE (Utracki 2007). Some researchers have 

reported that using a MB compounding method results in better material property through 

precise control of filler concentration in terms of mechanical properties. The MB 

compounding method ensures better dispersive mixing, more uniform exfoliated structure, 

and less reduction of the deformation properties compared with direct compounding 
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(Lopez-Quintanilla et al. 2005; Li et al. 2007; Treece et al. 2007; Etelaaho et al. 2009). 

Masterbatch compounding with cellulose nanocrystal (CNC)/polycarbonate (PC), 

CNC/acrylonitrile-butadiene-styrene (ABS), and microcrystalline cellulose (MCC)/PP 

have been prepared in previous studies (Spoljaric et al. 2009; Ma et al. 2015; Mariano et 

al. 2015). Nevertheless, the UFC/S/MB/E compounding method produced a lower tensile 

modulus than the UFC/S/E compounding method. There is limited information regarding 

MB dilution on the mechanical properties of polymer composites using ultrafine cellulose. 

However, it is known that cellulose acts as a mechanical reinforcement of the polymer. 

When a composite is filled with cellulose, the tensile modulus of the polymer composite 

improves considerably (Mathew et al. 2005; Petersson and Oksman 2006; Kiziltas et al. 

2010). Polymer composites can be affected by filler dispersion and size of the cellulose 

fiber particles in the polymer matrix. It is known that the reinforcing ability of cellulose 

micro- and nanoparticles results from their high surface area and good mechanical 

properties; however, cellulose micro- and nanoparticles should be well-dispersed in the 

polymer matrix to achieve notable increases in mechanical properties. Their small size does 

not generate large stress concentrations in the polymer matrix, so well-dispersed cellulose 

particles can improve tensile properties (Kvien et al. 2005; Kvien and Oksman 2007; Yang 

et al. 2011). Further evidence on the agglomeration and dispersion of UFC samples with 

MB and EFM compounding into the polymer matrix will also be discussed in the next SEM 

analysis section. Microscopic observation also showed that the cellulose was well 

distributed and dispersed in the HDPE matrix when using a coupling agent and the MB or 

EFM compounding methods. Therefore, the addition of MB or EFM to the compounding 

method can be advised. 

Table 4 illustrates the strain at the maximum stress change in UFC-filled HDPE 

composites using SSE, TSE, SSE/EFM, SSE/MB, SSE/MB/EFM, and each of these 

compounding methods included the addition of a coupling agent, excluding TSE. The 

maximum value for strain at the maximum stress was achieved from the S/E compounding 

method, while the minimum value was observed from the UFC/C/S/MB with the coupling 

agent. The highest value for strain at the maximum stress was 13.8%. When compared to 

the MB compounding method, the UFC/S/MB/EFM without the coupling agent produced 

the maximum strain value. All samples produced with the coupling agent exhibited lower 

strain at the maximum stress than the compounding methods without the coupling agent 

because of the enhanced adhesion between the UFC and the HDPE matrix. Similar results 

were reported by Shao et al. (2015) and Ismail et al. (2001) for triethoxysilane (AS), 

methacriloxy propyl trimethoxy silane (MS), and maleic anhydride-grafted polypropylene 

(MAPP)-treated natural fiber (cellulose, sawdust, and wheat straw), and reinforced PP and 

silane-treated white rice husk ash-filled PP/natural rubber composites, respectively (Ismail 

et al. 2001; Shao et al. 2015). Shao et al. (2015) explained that better adhesion yields more 

restriction of deformation capacity of composites; therefore, catastrophic failure occurs 

after small strain deformations. The highest values of strain at the maximum stress for all 

combinations of EFM compounding were obtained from the UFC/S/E compounding 

method without the coupling agent. The elongational flow in EFM provides excellent 

mixing, decreased viscous dissipation and lower melt temperatures, dispersed at large 

viscosity ratios, and enhanced distributive mixing. The SSE exhibited poor dispersive 

mixing capability compared with TSE.  

There are two important differences between TSE and SSE in terms of the mixing 

mechanism. The flow in high-stress regions (HSR) of most mixers is predominantly shear 

flow and the fluid elements pass through the HSR only once in SSE compounding. In TSE 
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compounding, the flow in the kneading disks has a strong elongational flow and the fluid 

elements passes through the HSR several times (Rauwendaal et al. 1999). However, the 

use of EFM shows that the mixture of two compounds is exposed to strong extensional 

flow fields because the flow fields are generated by a series of convergences and 

divergences (Nguyen and Utracki 1995; Utracki 2003). The EFM compounding method 

has some advantageous for distributive and dispersive mixing. Distributive mixing in EFM 

compounding is more efficient because the interfacial area is much higher than in the shear 

flow. Consequently, dispersive mixing is also much higher than that of shear because the 

drop deformability in elongation is several times higher than in shear (Tokihisa et al. 2006). 

Some researchers also reported favorable mechanical properties in a well-dispersed 

nanocomposite with cellulose nanofibrils (Walther et al. 2010; Josefsson et al. 2014). 

The best flexural strength and flexural modulus values were obtained from the 

UFC/C/S/MB compounding method. Flexural strength values ranged from 15.5 to 18.8 

MPa, while the flexural modulus ranged from 0.50 to 0.63 GPa. It was obvious that the 

EFM compounding method improved the flexural properties of the ultrafine cellulose-

filled composites compared to UFC/T, UFC/S, and UFC/S/MB compounding methods. 

Using the MB compounding method had a beneficial role in improving the flexural 

strength. The addition of the coupling agent to UFC/S and UFC/S/MB compounding 

methods resulted in better flexural properties. Li et al. (2007) studied the effects of mixing 

strategies (with or without MB compounding method), and processing devices (TSE, SSE, 

and SSE/EFM) for PP-based clay nanocomposites. As a result, the flexural properties of 

the samples prepared from MB compounding were better than those from the single-pass 

method (Li et al. 2007). 

As shown in Table 4, the maximum value for the impact strength was obtained from 

the UFC/C/S/E compounding method. When using EFM compounding without the 

coupling agent, the impact strength decreased slightly. However, it is noteworthy to 

mention that using the coupling agent had less of an impact on the strength value in 

comparison with UFC/S, UFC/S/MB, UFC/S/MB/E compounding methods. The results 

also indicated that using the MB compounding method produced lower impact strength 

values than the UFC-filled HDPE composites prepared from different compounding 

methods, excluding the UFC/S/MB/E method. Similar results were also reported by Li and 

Chen (2007) for HDPE/expanded graphite nanocomposites prepared via MB 

compounding. The lower impact strength can be explained by the lower interaction made 

by MB than the other UFC-filled HDPE composites prepared by different compounding 

methods (Li and Chen 2007). 

 

Differential Scanning Calorimetry Analysis 
Differential scanning calorimetry measurements were used to characterize the 

thermal properties of UFC-filled HDPE composites prepared by various compounding 

methods. Melting and crystallization temperatures of the specimens did not notably affect 

the outcomes. Šumigin et al. (2012) declared that crystallization and melting temperatures 

of the low density polyethylene (LDPE) and LDPE with cellulose do not change with 

cellulose content. Table 5 shows that the crystallization temperatures were between 116 

and 118 °C, while the melting temperatures were approximately 129 °C. Using of the MB 

compounding method resulted in a small decrease in the melting and crystallization 

enthalpy for all of the polymer composites. The DSC results showed that the addition of 

the coupling agent influenced the HDPE melting and crystallization enthalpies for UFC/S 

and UFC/S/E compounding methods. Araujo et al. (2008) also found that the coupling 
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agent affected the melting and crystallization behavior of natural fiber-reinforced PE 

composites. The degree of crystallinity of all composites was also calculated in Table 5. 

There was a minor reduction in the degree of crystallinity for the MB compounding 

methods. The UFC/S and UFC/C/S/E methods exhibited a slightly higher degree of 

crystallinity compared to the other compounding methods.  

 

Table 5. Melting and Crystallization Parameters of the Neat HDPE and UFC-
Filled Composites 

Samples Melting 
temperature 

(Tm) 
(°C) 

Crystallization 
temperature(Tc) 

(°C) 

Enthalpy 
of melting 

(ΔHm) 

(J/g) 

Enthalpy of 
crystallization 

(ΔHc
) 

(J/g) 

Crystallinity 
(Xc) 
(%) 

S 
130.1 (0.3) 116.4 (0.4) 181.4 

(1.9) 
182.5 (2.4) 65.5 (1.7) 

S/E 
129.7 (0.1) 

116.1 (0.1) 180.6 
(2.2) 

180.7 (1.6) 
65.2 (2.2) 

C/S 
129.9 (0.1) 

116.8 (0.3) 182.8 
(3.2) 

181.6 (3.1) 
66.0 (4.2) 

UFC/S 
129.2 (0.2) 117.0 (0.2) 

178.8 
(1.4) 178.8 (1.1) 67.2 (1.4) 

UFC/T 
129.6 (0.0) 115.8 (0.2) 

176.0 
(3.5) 175.2 (3.4) 66.2 (3.5) 

UFC/S/E 
129.8 (0.0) 116.6 (0.4) 

173.5 
(0.0) 175.6 (0.0) 65.2 (3.5) 

UFC/S/MB 
129.5 (0.1) 116.7 (0.2) 

172.6 
(3.2) 171.9 (3.0) 64.9 (3.3) 

UFC/S/MB/E 
129.6 (0.2) 118.6 (1.5) 

169.8 
(0.6) 170.7 (2.0) 63.8 (4.9) 

UFC/C/S 
129.5 (0.2) 117.6 (0.4) 

180.3 
(4.9) 183.5 (1.9) 67.8 (3.5) 

UFC/C/S/E 
129.9 (0.2) 117.4 (0.5) 

179.0 
(3.5) 181.4 (1.8) 67.3 (3.5) 

UFC/C/S/MB 
129.7 (0.4) 116.8 (0.4) 

168.3 
(2.8) 168.7 (2.3) 63.3 (2.8) 

UFC/C/S/MB/E 
129.3 (0.1) 118.1 (0.1) 

169.8 
(1.1) 171.6 (1.3) 63.9 (1.1) 

 

*Parentheses indicate standard deviation. 

 

Rheological Properties 
The storage moduli (G' at 170°C as a function of frequency (ω)) of composites 

prepared by single-pass (SP) extrusion (a), compatibilized (b), and MB compounding (c) 

methods are shown in Fig.1. The S and S/E exhibited typical melt behavior in the thermal 

region; the storage modulus (G') increased with the shear frequency in Fig.1a. The addition 

of UFC increased the G' of the composites, especially in the thermal region for UFC/S, 

UFC/T and UFC/S/E, which was attributed to the strong cellulose-cellulose particle 

interaction. The difference in the storage modulus between composites and neat polymers 

(S and S/E) was less distinguishable with increasing frequency because the cellulose 

particles were disconnected and the cellulose-cellulose interactions were weaker (Volk et 

al. 2015). The samples prepared using the SP method (Fig. 1a) in UFC/S/E composites 

exhibited a larger G', while those from TSE and SSE were smaller. The relative magnitude 

changes of G' for the UFC/S/E compounding method indicated that the composite was 
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dominantly more elastic when the UFC was processed with EFM. Figure 1b shows that all 

of the filled systems, with or without the coupling agent, had a higher G' than the neat 

HDPE. It was also observed that the coupling agent did not improve the G' of the 

composites as compared to the composites from SSE (UFC/S) without the coupling agent. 

Furthermore, the G' values of samples prepared by the MB compounding method (Fig.1c) 

were higher to those prepared by the SP compounding method. These results indicated that 

preparation of cellulose composites from MB obtained a well-dispersed cellulose and 

increase melt elasticity (Prashantha et al. 2009). 
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Fig. 1. Storage modulus G’ at 170 °C for as a function of frequency for a) single pass compounding, 
b) compatibilized systems, and c) MB compounding 
 

The complex viscosity (η*) of the neat HDPE and the UFC-filled HDPE composites 

measured at 170 °C as a function of frequency (ω) is shown in Fig. 2. The complex 

viscosities decreased with an increase in ω, indicating shear thinning behavior and 

pseudoplastic characteristics of HDPE and the UFC-filled HDPE composites. It was 

observed from Fig. 2a that the composites from the SSE (UFC/S) and TSE (UFC/T) 

extruders, without the coupling agent, exhibited a reduced shear thinning behavior 

compared to the neat HDPE. This reduction in complex viscosity for UFC/S and UFC/T 

could have been a result of decreased polymer molecular entanglement density, causing a 

small disruption in the polymer chain entanglement network (Hatzikiriakos et al. 2005). 

This observation was in agreement with Mukherjee et al. (2013) for microcrystalline-filled 

PLA composites. It was also observed that η* was neither similar nor lower than the neat 

HDPE for composites, including those with the coupling agent (Fig.2b) and processed with 

MB methods (Fig. 2c).  

 

a) b) 

c) 
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Fig. 2. The complex viscosity of the samples as a function of frequency for a) single pass 
compounding, b) compatibilized systems, and c) MB compounding 
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Fig. 3. The tan delta of the samples as a function of frequency for a) single pass compounding, b) 
compatibilized systems, and c) MB compounding 
 

Damping characteristics (tan delta = loss modulus (G'')/storage modulus (G')) of 

the UFC-filled HDPE composites were also investigated, and Fig.3 shows the variation in 

tan delta according to the frequency. It was evident that at lower frequencies the tan delta 

decreased with the incorporation of UFC, which was mainly attributed to the existence of 

effective interfacial bonding between the UFC and HDPE matrix. Thus, the viscoelastic 

a) b) 

c) 

a) 

b) 

c) 
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energy dissipation in the composite was limited (Lozano et al. 2004). It was also observed 

that the UFC-filled HDPE composites processed with EFM compounding exhibited a 

lower tan delta compared to the other composites (Fig. 3c). This implies that the composites 

from EFM compounding became substantially less viscous and dissipated less energy 

during shear deformation compared to the other composites (Ten et al. 2012). 
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Fig. 4. Steady shear viscosity of the samples as a function of shear rate for a) single pass 
compounding, b) compatibilized systems, and c) MB compounding 

 

Figure 4 shows the apparent viscosity as a function of shear rate at 170 °C for the 

neat HDPE and its composites. It was observed that the curves exhibited the characteristics 

of typical pseudoplastic materials, and the viscosity of the composites decreased with 

increasing shear rate. It is known that the viscous stress predominates over particle 

interactions; thus, the alignment is greater and the viscosity lessens at higher shear rates 

(Yu et al. 1993). In general, the UFC-filled HDPE composites exhibited higher viscosities 

than the neat HDPE at lower shear rates (< 0.1 1/s). Chafidz et al. (2014) discovered a 

similar phenomenon that was attributed to the restriction of molecular mobility and the 

reduction in free volume induced by the interaction and dispersion of cellulose in the 

polypropylene matrix. Similar to the storage modulus, the samples prepared using the SP 

compounding method (Fig. 4a) in UFC/S/E composites exhibited a larger melt viscosity, 

while those from TSE and SSE were smaller. Owing to the improved UFC-HDPE 

interfacial adhesion, the viscosity of the UFC-filled HDPE composites was either higher 

or comparable with the addition of coupling agent (Fig. 4b) at all shear rates except for 

UFC/C/S/MB in comparison with UFC/S. The effect of MB compounding on the viscosity 

of UFC-filled HDPE composites is unclear (Fig. 4c). Overall, the UFC-filled HDPE 

composites from the EFM compounding process showed a lower melt viscosity compared 

with the other composites at high shear rates. It was unclear what mechanism was 

responsible for the reduction in the melt viscosity of the composites at higher shear rates. 

Possible reasons are the slip between the HDPE and UFC during high shear flow or a 

a) b) 

c) 
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reduced molecular weight of the HDPE because of the degradation in the presence of UFC 

in EFM process. More detailed studies, including rheological studies (capillary rheometer) 

and polymer molecular weight characterization, will be required to understand the effect 

of the EFM process on the rheological properties (low and high shear rate effect on the 

viscosity) of composites (Cho and Paul 2001). 
 

Scanning Electron Microscopy Analysis 
The SEM images of HDPE composites prepared by UFC are shown in Figs. 5 and 

6. It was observed from Fig. 5a that individual large particles were dispersed throughout 

the polymer matrix. Figures 5b, 5c, 5d, and 5e show the SEM images for the UFC/T, 

UFC/S/E, UFC/S/MB, UFC/S/E/MB compounding methods, respectively. Some 

agglomerates separated individual particles and showed better dispersion between the 

polymer matrix and UFC, compared with SSE and TSE compounding method. The effect 

of the coupling agent was observed in Figs. 6a, 6b, 6c, and 6d. These SEM images show 

that using PE-g-MA resulted in better dispersion as discussed previously in the tensile 

properties. The reason for improved tensile strength and better dispersion can be explained 

by the interaction between the maleic anhydride group, PE-g-MA, and the hydroxyl group 

of cellulose through ester and/or hydrogen bonding. Enhanced adhesion and better 

dispersion have also been reported by Paunikallio et al. (2003) and Pöllänen et al. (2013) 

for viscose fiber and MCC-filled PE and viscose fiber-filled PP composites in the presence 

of a coupling agent, respectively. 

 

 
              (a)                                  (b) 

 
 (c)                                           (d)                                    (e) 

 
Fig. 5. Scanning electron micrographs of UFC-filled HDPE composites for a) UFC+S, b) UFC+T, 
c) UFC+S+E, d) UFC+S+MB, and e) UFC+S+MB+E compounding methods without the coupling 
agent 
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(a)                                   (b) 

 
(c)                                   (d) 

 

Fig. 6. Scanning electron micrographs of UFC-filled HDPE composites for a) UFC+C+S, b) 
UFC+C+S+E, c) UFC+C+S+MB, and d) UFC+C+S+MB+E compounding with the coupling agent 
 
 

CONCLUSIONS 
 

1. The tensile strength values of the EFM and the coupling agent were higher than those 

of the other composites because using a coupling agent with cellulose polymer 

composites strengthened the composite. The maximum tensile modulus of elasticity 

(0.88 GPa) was obtained using the UFC/C/S/MB/E compounding method. Similar to 

impact strength, S+E method without PE-g-MA gave better strain at maximum stress 

value. The addition PE-g-MA resulted in better tensile strength. But adding of PE-g-

MA for SSE and S+MB method led a decrease of tensile modulus of elasticity value. 

2. When comparing flexural properties, the MB compounding method exhibited an 

improvement in the flexural strength and the flexural modulus when using PE-g-MA.  

3. The DSC observations showed that the addition of cellulose decreased the melting and 

crystallization enthalpies of the composites. The melting and crystallization enthalpies 

of UFC/S and UFC/S/E methods increased upon the addition of PE-g-MA. 

4. Similar to the storage modulus, the samples prepared using the SP compounding 

method in the UFC/S/E composites exhibited greater melt viscosities than composites 

from TSE and SSE compounding. The EFM compounding demonstrated a lower tan 

delta compared to the other composites. Overall, the UFC-filled HDPE composites 

from the EFM compounding method exhibited a lower melt viscosity in comparison 

with the other composites at higher shear rates.  

5. Based on the SEM imaging, particles dispersed completely into the polymer matrix in 

the UFC/S compounding method. Using PE-g-MA provided better dispersion for 

compounding methods.  
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6. It can be concluded from SEM and mechanical results that the EFM device and MB 

compounding methods can be successfully employed to provide better mixing, 

compounding, and dispersement of cellulose into HDPE matrices.  
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