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The paper is focused on the analyses of the mechanical and 
physical properties of the hybrid composite systems based on 
the polypropylene matrix with implemented reinforcing 
cellulose fibres. The polymer phase of this conventional 
composites is furthermore modified by physical blowing agents, 
which are utilized for the formation of light microcellular 
structures. Interactions of all the components of these hybrid 
composites are evaluated in terms of density change, impact 
resistance, bending and tensile properties. Complying with the 
assumption closed pores generally decreased mechanical 
properties of the multiphase composite systems. The reduce of 
mechanical properties induced by presence of the microcellular 
structure was more significant with increasing level of filling by 
reinforcing particles. 
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1 INTRODUCTION  

Natural cellulose fibres are used in the polymeric matrix 
primarily as reinforcing fillers. From environmental and 
economic point of view the composites with natural filler have 
many other benefits. The fibres are obtained from renewable 
sources and replace the synthetic matrix. Implementation of 
cellulosic fibres into the polymer matrix in turn reduces the 
overall density of the composite systems (if the fillers have a 
lower density than the matrix), reduces the material costs and 
in general positively modifies the mechanical properties. Other 
currently widespread modification of polymer matrix includes 
reducing its density using chemical or physical blowing agents. 
The combination of these modifications allows the formation of 
a completely new generation of hybrid multifunctional 
composite materials with unique properties [Bledzki 2006, 
Faruk 2007].    

2 POLYMER COMPOSITES 

Composites are heterogeneous materials which consist of two 
or more phases in the macroscale. These phases mutually 
significantly differ in their mechanical, physical and chemical 
properties. From the alloys the composites differ mainly in the 
preparation process, because the creation of the composite 
materials necessitates mechanical mixing of the components to 
achieve a homogeneous distribution, while the alloys are 
formed by diffusion processes [Shalin 1995, Taj 2007]. The most 
important reason for continuous development is called 
synergism that is characteristic for these materials, which 
means that the properties of the resulting composites are even 

better than only adding the properties of individual 
components together. Synergism leads for example to obtain 
qualitatively new properties of composite materials. The 
processes at the interface between the two (or more) phases 
are reason for such improvement of properties and sometimes 
hardly predictable behaviour of composites. [Mohanty 2005] 
 

2.1 Matrix 

The main role of polymer matrix as a basic component in 
reinforced composite is tension transfer to the fibres, fibres 
protection from environmental influences and their mechanical 
abrasion during processing. Good process ability, corrosion 
resistance and shock absorption are the most advantageous 
properties of plastics and as a continuous phase matrix gives 
the composite its characteristic molecular weight, crystallinity 
and controls the interactions with the filler surface. With 
increasing molecular weight of the matrix the viscosity of the 
polymer melt increases and mechanical properties, thermal and 
chemical stability are improved. [Xanthos 2009, Rosato 2004]   
 

2.2 Fillers 

Additives for polymer composites are of natural or synthetic 
origin. In the 21st century, however, the need to stop wasting 
natural resources is an actual topic and that is way the 
synthetic components derived from the petroleum should be 
replaced by materials from renewable sources. [Shalin 1995, 
Blackburn 2005] Natural fillers do not reach such a high 
reinforcing effect in comparison to synthetic fibres, but they 
are used primarily to reduce the price of the final composites. 
Therefore, they are added to the polymer matrix in a large 
amount to reduce weight of the composite system and the 
volume of synthetic components. [Xanthos 2009, Rothon 2001] 
The fillers affect the final properties of the composite systems 
by their nature, geometry, distribution of shapes and sizes, 
concentration, surface profile and their physical, chemical and 
mechanical properties. [Müssig 2010, Shalin 1995] Materials 
applied as fillers must meet the requirements such as heat 
stability, chemical resistance, minimal toxicity, recyclability, low 
hardness (minimal abrasion of processing equipment), good 
availability, wettability and compatibility with the matrix etc. 
Implementation of natural fibres into the polymer matrix 
during compounding is a challenging process. The fibres 
flocculate into bundles (agglomerates) and the homogenous 
distribution could be problematic. The pores creating 
microcellular structure reduce the contact area between the 
fibres and the matrix and thereby decrease reinforcing effect 
(reduced tension transfer from the matrix to the fibres). [Taj 
2007, Xanthos 2009] 
 

2.2.1Cellulose 

Cellulose belongs among the most widely spread substances in 
the world that is not only an essential structural component of 
plants, but it can also be produced by bacteria or fungi. [Lewin 
2007] Availability, relatively low cost and especially 
degradability are its main advantages. Glucose monomers are 
the building unit of the cellulose that are included among semi-
crystalline polymers. For industrial purposes the cellulose is 
derived from wood and cotton. Mechanical and physical 
properties of the cellulose depends mainly on the 
polymerization degree and are strongly affected by its 
hydrophobic character. [Kalia 2011] 
 

2.3 Interphase 

Effective contact among all the systems is critical for creation 
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compact composite material. Quality interphase is essential 
especially for load transfer and affects the physical and 
processing properties. The behaviour at the interphase is 
affected by many factors such as the wettability of the 
reinforcement by the molten matrix, the melt viscosity and the 
surface profile of the reinforcement. From the physical point of 
view thermal expansion of all the phases is also very important. 
Mutual interactions are based on the nature of bonds between 
matrix and reinforcement. Mechanical bonds are the weakest 
type of connection and are dominant at the interphase of inert 
phases. Physical bonds are probably the most common bonding 
type and the connections of two systems is based primarily on 
the interaction between two dipoles, or the forces are 
transmitted through the Van der Waals bonding. The strongest 
connection is provided by the chemical bonds. [Taj 2007] 
Considering the physical and chemical actions among all phases 
the interface is not only the contact zone, but includes also the 
area that is deformed by thermal expansion of individual 
phases caused by their different stiffness and thermal 
expansion coefficient. From the chemical point of view, the 
interface has a composition identical to the matrix composition 
(if the adhesion is not enhanced using chemical compatibilizers 
or other type of surface treatment), but from the 
morphological point of view the interphase has completely 
different structure (lower mobility of the macromolecular 
segments in this layer). [Rothon 2001, Han 2007] 
 

2.4 Foaming (blowing) agents 

Microcellular structures can be created basically in two 
different ways (using physical or chemical foaming agents). 
Chemical foaming agents are the solids, that are decomposed 
at specific temperature (processing temperature of the 
polymer) into low molecular substances creating the closed 
pores. Physical foaming agents are compounds that liberate 
gases as a result of physical processes. The final selection of the 
physical foaming agent is based on the type of desired 
microcellular structure and costs of the foaming process. The 
applicable foaming agents were limited by the Montreal 
Protocol. The exploitation of the substances with high ozone 
depletion potential (ODP) and global warming potential (GWP) 
was prohibited. Currently the most widespread physical 
foaming agents are nitrogen and carbon dioxide for their 
environmentally friendly character. These inert gases are 
preferred for good solubility in the polymer matrix, high 
foaming potential, nonflammability, nontoxicity, no residues 
liberated during the foaming process etc. [Faruk 2007, Lee 
2005] 
 

2.4.1 Foaming process 

MuCell technology commercialized by Trexel is one of the 
special moulding techniques producing microcellular foams. 
The injection of inert gas (nitrogen or CO2) in the form of 
supercritical fluids (SCF) into the thermoplastic melt in the 
plasticization section of the barrel is the essence of this 
process. The microcellular structure with closed pores is 
created after the injecting of the melt into the mould cavity and 
the pressure drop. The structure is usually fixed by cooling the 
materials below the melting point and the pores reach size 
from 5 to 50 microns. [Xu 2001]  
Generally, foaming injection moulding achieves not only 
product weight savings but also increased melt flowability, 
smaller shot size (compensation of the holding phase), lower 
injection pressures, faster cycle times, and better dimensional 
stability. [Jacobsen 2000, Moore 2001] 

3 EXPERIMENT PROCEDURE 

The submitted study involves analyses of physical and 
mechanical properties performed by multiphase systems 
composed of a polypropylene matrix and natural cellulose-
based fibres. The conventional injection moulding and SCF 
(nitrogen) assisted injection moulding which results in 
formation of a specific microcellular structure were used for 
production of test specimens.  
 

3.1 Material 

Matrix based on homopolymer with the trade name PP SABIC 
595A was the basic phase of the composite system. This 
polypropylene has excellent flow properties that are preferred 
for the production of reinforced composite systems. High 
rigidity and good processing character are beneficial especially 
for injection moulding of parts in automotive industry. The 
prime properties of the polymer matrix were modified by 
cellulose fibres. D-glucose was the basic building unit of the 
processed cellulose chain. The composites involved into this 
study contained 10 wt. %, 20 wt. % and 30 wt. % of cellulosic 
fibres. The fibre surfaces were modified by coupling agent 
based on organosilanes (introduced by Dow Corning). 

 

3.2 Composite preparation 

Composite systems were prepared using strand granulation. 
The natural fibres were milled on the knife cutting mill Retsch 
SM 300 with cyclone separator and the sieve with trapezoidal 
holes with dimension of 0.75 mm (with length distribution from 
0.5 mm to 2 mm). As a last step of the preparation the natural 
fibres were dried in the hot oven VENTICELL with forced air 
circulation which ensured homogeneous temperature 
distribution (80°C for 4 hours). Palletisation was realized using 
the line ZAMAK EEA - 2x130di equipped with twin screw 
extruder, the calibrated die head, water bath, guiding rollers, 
air knife and mill feeder. 
 

3.3 Specimens moulding 

From the prepared pellets the multipurpose test specimen 
(type A, complying with international standard EN ISO 3167) 
were moulded. These specimens are designed primarily for 
evaluation of the tensile properties. The metering part zone of 
these specimens can be used for the analyzes of other 
mechanical properties (in this case bending and impact 
characteristic). For each analysis ten specimens were prepared. 
 

3.3.1 Conventional injection moulding 

The specimens were moulded in accordance with international 
standards EN ISO 294-1 and EN ISO 1873-2. Specimens 
produced by conventional injection moulding method was 
performed using Aurburg 270 S 400-100. Technological 
parameters are shown in table 1. 
 

 
Table 1. Basic technological parameters for injection moulding 
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3.3.2 MuCell technology 

Production of test specimens with microcellular structure was 
performed on the machine Arburg Allrounder 470S 1000-400, 
which is equipped with modified injection unit (for MuCell 
technology with relevant peripherals). When plasticizing melt, 
the supercritical fluid (nitrogen) was injected in the front of 
screw. The intensive mixing was achieved by a special design of 
the screw that ensured homogenous distribution of the SCF in 
the entire volume of the melt. The technological parameters 
are listed in table 2. 
 

  
Table 2. Basic technological parameters for Mucell technology 

 

4 MEASUREMENT AND DISCUSSION 

The analyses of multiphase systems were based on the 
evaluation of density change and its impact on bending and 
tensile properties and impact resistance.  
 

4.1 Density analysis 

The density of the specimens was determined complying with 
international standard EN ISO 1183-1 (immersion method). 
As the immersion fluid methanol having a density of 
0.791 g/cm3 at 23 °C was used for specimens made by 
conventional injection moulding. For microcellular systems 
liquid with lower density was employed. For this purpose 
petroleum ether having density of 0.650 g/cm3 at 23°C was 
employed. The average values with standard deviations are 
reported in table 3.  
 

 
Table 3. Impact of cellulose fibres presence and microcellular structure 
on density of final composites 

 
The measured values clearly indicated that the cellulose fibres 
increased the density of the composite systems based on 
polypropylene matrix. The Fig. 1 shows the linear increase in 
density by 4.6% per each added 10 wt. % of cellulosic fibres. 
The overall density of lightweight systems exhibited similar 
tendencies. The microcellular structure, however, caused a 
decrease in density of all composite systems by 21%. 

 

 
Figure 1. Comparison of measured densities 
 

4.2 Impact strength analysis 

Measurement the Charpy impact strength was carried out 
under standard conditions according to 179-1 / 1eU (impact on 
the narrower side of the specimen) using testing device Ceast 
Resil 5.5. The specimens had dimensions of 80 x 10 x 4 mm. To 
determine the impact strength of specimens made by 
conventional injection moulding hammer with a nominal 
energy of 5 J was used and lightweight specimens were broken 
using hammer with nominal energy of 2 J, so that the specimen 
resistance ranged between 10% and 80% of the hammer 
potential energy.  The results are shown in the table 4. 
 

 
Table 4. Impact of cellulose fibres presence and microcellular structure 
on impact strength of final composites 

 
Fibre reinforcement of PP matrix resulted in a reduction in 
impact resistance. The polymeric matrix reached values of 79.2 
± 1.5 kJ/m2, whereas the presence of natural fibres decreased 
impact strength by more than a half of the initial value for all 
systems, as shown in Fig. 2. The highest brittleness was 
measured during analyses of systems reinforced with 30 wt. % 
of natural fibres (25.4 ± 3.7 kJ/m2). The porous structure of 
lightweight specimens reduced the impact resistance up to 20% 
of the value achieved by pure PP. 
 

 
Figure 2. Comparison of reached impact resistances 
 

4.3 Bending properties analysis 

Bending tests revealed the flexural strength and flexural 
modulus of elasticity according to EN ISO 178 (three-point 
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bending). Characteristics were measured on specimens with 
dimensions 80 x 10 x 4 mm using a Hounsfield H10KT with the 
range of the sensor head up to 500 N. The testing speed was 
2 mm/min. 
The measured values captured in table 5 and 6 indicate positive 
influence of the presence of reinforcing fibres on flexural 
strength and flexural modulus. The polypropylene matrix 
reached the value of 48.3 ± 1.7 MPa when measured flexural 
strength and 1485 ± 75 MPa when measured the flexural 
modulus. With increasing concentrations of the reinforcing 
fibres the flexural strength increased up to 63.7 ± 0.5 MPa at 
the concentration of 30 wt. %. The increase in flexural modulus 
was even more pronounced at the highest concentrations and 
the composites reached the value of 2635 ± 68 MPa. 
Microcellular structure again eliminated the reinforcing effect 
of the natural fibres, see Fig. 3. Bending strength decreased 
slightly with increasing concentration of natural fibres, but the 
resulting values were comparable to those achieved with pure 
matrix (min. value of 46 ± 1.6 MPa). Bending modulus was 
conversely growing even in the presence of pores. The 
maximum value was reached by systems with the highest level 
of reinforcing fillers (2394 ± 84 MPa). 
 

 
Table 5. Impact of cellulose fibres presence and microcellular structure 
on flexural strength of final composites 

 
 

 
Table 6. Impact of cellulose fibres presence and microcellular structure 
on flexural moduli of final composites 

 
 

 
Figure 3: Comparison of reached flexural moduli 

 

4.4 Tensile properties analysis 

Measurement of the tensile properties was performed on the 
tensile apparatus TiraTest 2300 with the sensor head used up 
to 100 kN, respectively 10 kN. Testing speed of 5 mm / min was 
used in accordance with standard ČSN EN ISO 1873-2. 
Measurement of tensile modulus was carried out at the testing 
speed of 1 mm / min.  
 

 
Table 7. Impact of cellulose fibres presence and microcellular structure 
on tensile moduli of final composites 

 

 
Table 8. Impact of cellulose fibres presence and microcellular structure 
on tensile strength of final composites 

 
 
The results summarised in tables 7 and 8 showed that with 
increasing fibre concentration the tensile strength and tensile 
modulus increased as well. From the initial strength (32,4 ± 0,1 
MPa), respectively. modulus (1635 ± 115 MPa) reached by PP 
matrix the tensile properties were improved up to value of 37.3 
± 0.8 MPa, respectively 2752 ± 82 MPa in the module of 
elasticity at the highest natural fibres concentrations. When 
measured the lightweight specimens the tensile strength was 
reduced up to 22.2 ± 0.8 MPa. In the frame of tensile modulus 
measurement the reinforcing effect of the fibres was 
neutralised by the pores and reached values were therefore 
very similar to the initial values achieved by the PP matrix (max. 
1 746 ± 51 MPa), see Fig. 4. 
 

 
Figure 4. Comparison of reached tensile moduli 
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5 CONCLUSIONS 

The submitted study involves the analyses of the mechanical 
and physical properties of the polymer composites formed by 
the polypropylene matrix into which the cellulose fibres were 
implemented (at the concentrations of 10 wt.%, 20 wt.% and 30 
wt.%). The specimens were prepared using conventional 
injection moulding and using the technology forming the 
specific microcellular structure using nitrogen as a supercritical 
fluid.  
The density measurement confirmed the higher fibre density 
compared to the PP matrix leading to linear increase of the 
density by 4.6% per each 10 wt. % of cellulosic fibres. The 
density of lightweight systems was reduced by 21% in all 
analysed systems.  
The presence of cellulosic fibres significantly reduced the 
impact resistance of the composite systems by about 60-67% 
according to the fillers concentration compared to the values 
reached by PP matrix. The internal porous microstructure 
resulted in a further reduction the impact strength of the 
analysed systems in all cases by approximately 80% of the 
initial value reached by PP. 
The analysis of the flexural properties confirmed the reinforcing 
effect of the natural fibres. Flexural strength was increased by 
20-30% compared to the strength of the PP matrix according to 
the level of reinforcing. An interesting effect was observed 
when modifying the structure using SCF (nitrogen). The 
increase in strength was compensated by the presence of 
microcellular structure and all the lightweight systems reached 
values comparable to the initial strength of the PP matrix. 
Flexural elastic modulus increased linearly with increasing 
content of the natural fibres in the range from 48 to 77%. The 
porous structure again reduced the improvement of the 
flexural moduli those were increased by only 44%, respectively 
61% according to reinforcing level. 
Tensile properties showed similar trends as the bending ones. 
The increase in tensile strength induced by the presence of 
reinforcing fibres was not so significant as in the case of 
bending strength and maximum measured values rose up by 
only 15% compared to the values reached by pure PP. In the 
frame of lightweight specimens analyses the tensile strength 
obtained approximately only 70% of the initial strength of PP 
matrix. The significant increase was observed in the tensile 
modulus of elasticity. Composite systems reached values higher 
by minimally 26% and maximally 68% compared to the PP 
depending on the concentration of natural fibres. The porous 
structure again eliminated the reinforcing effect of the cellulose 
fibres. Lightweight composites had a modulus of elasticity 
approximately the same as PP. 
Generally, the higher content of natural fibres within the PP 
matrix foamed by SCF had a stronger impact on the 
deterioration of the mechanical properties. The reason is 
probably smaller volume of polymeric matrix which is able to 
transfer the tension to the reinforcing fibres those are not 
entirely encapsulated by the matrix. 
 

ACKNOWLEDGEMENT 
This publication was written at the Technical University of 
Liberec as part of the Student Grant Contest "SGS 21122" with 
the support of the Specific University Research Grant, as 
provided by the Ministry of Education, Youth and Sports of the 
Czech Republic in the year 2017. 

REFERENCES 

[Blackburn 2005] Blackburn, R. S. Biodegradable and 
sustainable fibres. Cambridge: Woodhead Pub, 2005, 456 s. 
ISBN 978-184-5690-991. 
[Bledzki 2006] Bledzki, A. K. and Faruk, O. Injection moulded 
microcellular wood fibre–polypropylene 
composites. Composites Part A: Applied Science and 
Manufacturing. 2006, , pp. 1358–1367. DOI: 
10.1016/j.compositesa.2005.08.010. ISSN 1359-835X.  
[Faruk 2007] Faruk, O., Bledzki, A., K. and Laurent, M. Matuana. 
Microcellular Foamed Wood-Plastic Composites by Different 
Processes: A Review. Macromol. Mater. Eng. 2007, , 113–127. 
DOI:10.1002/mame.200600406. 
ISBN 10.1002/mame.200600406. 
[Han 2007] Han, Ch. D. Rheology and processing of polymeric 
materials. New York: Oxford University Press, 2007, 2 v. ISBN 
01951878302.  
[Jacobsen 2000] Jacobsen, K, Pierick, D. Microcellular foam 

molding: advantages and application examples. SPE-ANTEC 
2000. 

[Kalia 2011] Kalia, S. et. all. Cellulose-Based Bio- and 
Nanocomposites: A Review. International Journal of Polymer 
Science. 2011. DOI: 10.1155/2011/837875. ISBN 1687-9430.  
[Lee 2005] Lee, L et. all. Polymer nanocomposite foams. 
Composites Science and Technology. 2005, (65), 2344–2363. 
DOI: 10.1016/j.compscitech.2005.06.016. ISBN 0266-3538. 

[Lewin 2007] Lewin, M. Handbook of fiber chemistry. 3rd ed. 
Boca Raton: CRC/Taylor, 2007, 1044 p. ISBN 978-082-4725-655.  
[Mohanty 2005] Mohanty, A. K. Natural Fibers, Biopolymers, 
and Their Biocomposites. London: CRC Press, 2005. ISBN 978-
020-3508-206.  
[Moore 2001] Moore, S. Foam molding resurgence: sparks 

competition among processes. Mod Plast 2001(Nov.):23. 
[Müssig 2010] Müssig, edited by Jörg. Industrial Applications of 
Natural Fibres Structure, Properties and Technical Applications. 
Chichester: John Wiley, 2010. ISBN 978-047-0660-348.   
[Rosato 2004] Rosato, D. V. Reinforced plastics handbook. 3rd 
ed. New York: Elsevier Advanced Technology, 2004. ISBN 978-
008-0516-011.  
[Rothon 2001] Rothon, R. Particulate fillers for polymers. 
Shawbury, U.K.: Rapra Technology Ltd., 2001,12(n. 9), Rapra 
review reports, v. 12, no. 9. ISSN 0889-3144.  
[Shalin 1995] Shalin, R. E. Polymer Matrix Composites. 
Dordrecht: Springer Netherlands, 1995. ISBN 978-940-1105-
156. 
[Taj 2007] Taj, S., Munawar, A. Munawar and Khan S. Natural 
fiber-reinforced polymer composites: Review. In: Proceedings 
of the Pakistan Academy of Sciences [online]. 2007. ISSN 
03772969. 
[Xanthos 2009] Xanthos, M. (ed.). Functional fillers for plastics. 
2nd updated and enl. ed. Weinheim: Wiley-VCH, 2009. ISBN 
978-352-7323-616. 
[Xu 2001] Xu, J. Reciprocating-screw injection molding machine 

for microcellular foam. SPE-ANTEC 2001. 

CONTACTS 

Ing. Martin Seidl, Ph.D. 
Technical University of Liberec, Faculty of Mechanical 
Engineering, Department of Engineering Technology, 
Studentska 1402/2, Liberec 1, 461 17, Czech Republic 
+4204853533344, Martin.seidl1@tul.cz, www.tul.cz 
 
 
 

 

mailto:Martin.seidl1@tul.cz
http://www.tul.cz/

