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ABSTRACT 
 
The abundance of cellulose and demand for sustainable, renewable and less damaging for environment 
materials have triggered active research within the area of bio-based polymer composites. Current 
investigations are focusing not only on composites with cellulosic fibers (wood, flax, hemp, 
regenerated cellulose, etc.) but fully bio-based composite materials (with bio-based matrix) also being 
developed. The popular choice of polymer for such composites is Polylactic acid (PLA) with typically 
employed manufacturing methods such as extrusion and injection moulding. However, this allows 
production of composites with short randomly oriented fibers in which the initial fiber length is 
drastically degraded during the manufacturing. Thus, good mechanical properties of cellulosic fibers 
cannot be fully utilized and composites with low (or moderate at best) performance are obtained. The 
current paper presents results of study of composites produced by compression moulding of sheets of 
comingled PLA and reinforcing fibers. The dynamic sheet former is employed to produce fiber mats 
(with the PLA in the form of fibers) which are consolidated into composite plates by using hot press. 
This processing route ensures that initial length of the fibers is preserved during the manufacturing and 
preferential fiber orientation is achieved. The reinforcing fibers used in this study are wood fibers 
(pulp) obtained from different species of trees as well as regenerated cellulose fibers and combination 
of cellulosic fibers with synthetic fibers (carbon and aramid) to produce hybrid composites [1].   
 
The use of different types of cellulosic fibers and addition of synthetic reinforcement is done in order 
to expand the property space of PLA based composites, in particular to increase their mechanical 
performance so they can be used in various applications. The ability to tailor properties of materials 
according to the demands on performance of composites defined by the particular application is of 
great importance. This can be accomplished by use of micro-mechanical modelling but in order to be 
accurate such models require correct input parameters. However, the internal structure of the 
composites in question is very complex and somewhat unpredictable, which complicates design of 
these materials. The main objectives of this paper are application and validation of micro-mechanical 
models on composites produced within this study as well as direct (experimental) and indirect (back-
calculation) identification of input parameters to be used in the modelling. The main input parameters 
considered in this study are fiber orientation and porosity. The estimation of these parameters is done 
through micro–computed tomography but also by using micro-mechanical expressions in combination 
with experimental results (e.g. composite density, stiffness). The input parameters identified by 
different approaches are compared, then these parameters are used in the micro-mechanical models to 
predict stiffness of composites with different types of fibers and various fiber contents.    
 
The common approach to calculate stiffness of short randomly oriented fiber composites is by using 
rule of mixtures equation which accounts for fiber length, orientation and porosity in matrix [2]: 
  

𝐸𝐸𝑐𝑐 =  �η𝑜𝑜η𝑙𝑙𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚� ·  �1 − 𝑉𝑉𝑝𝑝�
𝑛𝑛     (1) 
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where E is the Young’s modulus, V the volume fraction, ηo , ηl are the fiber orientation and length 
efficiency factors, respectively. The indexes c, f, m, and p denote composite, fiber, matrix, and 
porosity, respectively. Assigning n = 2 gives rather accurate results for natural fiber composites [2]. 
The Figure 1 shows images obtained from computed micro-tomography (µ-CT). It is evident that 
composites contain very high porosity. It seems that PLA was not properly melted during the 
manufacturing and did not fill space in between the fibers. It is possible that PLA content in these 
composites is too low to form continuous phase (matrix). As a matter of fact it may be concluded that 
these materials have micro-structure very different from that of conventional composites where 
expected/accepted porosity levels are typically few per cents (in some extreme cases up to 8-12%). 
The structure of these materials is more similar to the morphology of paper: fiber network that is kept 
together by scarcely distributed binder (matrix material). Therefore, application of commonly used 
rule of mixtures (Equation 1) to predict the properties of these composites may not be valid. 
The porosity in composites was calculated from densities and compared to the data obtained from 
analysis of µ-CT images. The results show good correlation, for example, the calculated porosity in 
composites reinforced with 60%wt of 2.4dtex·6mm Tencel fibers is 36% while image analyses gave 
value of 32.5%. The average values of stiffness, strength and strain at max stress obtained from the 
tensile tests of different PLA/cellulosic fiber composites are presented in Table 1.  
 

          
Figure 1: CT scan image, reconstructed 3D (left) and 2D slices (right). 

 
Table 1: Results from tensile tests of PLA reinforced with different cellulosic fibers. 
Fiber type, weight fraction Stiffness, GPa Strength, MPa Strain, % 

Birch, Wf=60% 8.8 (0.4) 103.3 (5.3) 3.64 (0.33) 
Birch, Wf=40% 7.2 (0.6) 79.3 (7.7) 2.80 (0.24) 
Softwood, Wf=60% 8.2 (0.5) 91.6 (5.0) 3.92 (0.28) 
Softwood, Wf=40% 6.6 (0.2) 70.9 (2.5) 2.59 (0.26) 
2.4dtex·6mm Tencel, Wf=60% 6.4 (0.5) 85.5 (5.9) 4.42 (0.15) 
2.4dtex·6mm Tencel, Wf=40% 8.0 (0.2) 101.1 (3.2) 2.90 (0.18) 
Eucalyptus Viminalis, Wf=60% 10.7 (0.3) 130.2 (13.6) 2.49 (0.40) 
Eucalyptus Viminalis, Wf=40% 7.9 (0.8) 105.6 (5.5) 3.06 (0.26) 

 
REFERENCES 

 
[1] A. Aguilar Sánchez, Different fiber combinations for enhancing properties of compression molded fiber 
composites, Master Thesis, Luleå University of Technology, 2016. 
[2] B. Madsen, A. Thygesen, H. Lilholt, Plant fibre composites – porosity and stiffness, Composites Science and 
Technology, 69, 2009, p. 1057–1069. 


