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Abstract: This study focuses on the development and characterization of biodegradable polymer 

composite materials with a polypropylene (PP) matrix and hybrid fillers. The fillers incorporated into 

these composites consisted of a blend of fibers and particles derived from natural, biodegradable 

materials, such as flax fibers (FF) and wood flour (WF) particles. The compositions of polymer 

material were expressed as PP/FF/WF weight ratios of 100/0/0, 70/5/25, and 70/10/20. The polymer 

materials were prepared using conventional plastic processing methods like extrusion to produce 

composite mixtures, followed by melt injection to manufacture the samples needed for 

characterization. The structural characterization of the polymer materials was conducted using 

optical microscopy and X-ray diffraction (XRD) analyses, while thermal, mechanical, and dielectric 

properties were also evaluated. Additionally, their biodegradation behavior under mould exposure 

was assessed over six months. The results were analyzed comparatively, and the optimal composition 

was identified as the polymer composite containing the highest flax fiber content, namely PP + 10% 

flax fiber + 20% wood flour. 
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1. Introduction 

A new approach to polymer composite materials is the hybrid filler, consisting of at least two 

types of fillers, either both in particle form or fibers, or a combination of particles and fibers. Hybrid 

composites exhibit superior physical, mechanical, and thermal properties compared to composites 

with a single type of filler due to the optimization and synergy between the two types of fillers. 

Additionally, they offer economic advantages, as some fillers can be very expensive [1–6]. These 

hybrid polymer composites have potential applications in furniture manufacturing, various 

automotive industry components, construction elements, and other commercial applications [1], due 

to their excellent recoverability and biodegradability properties. 

Hybrid polymer composites with natural fiber fillers have gained significant attention as a more 

sustainable alternative to polymer composites with single fillers [6]. However, a major challenge in 

manufacturing these composites is the incompatibility between hydrophilic natural fibers (due to 

hydroxyl groups in cellulose) and the hydrophobic polymer matrix [7]. This incompatibility results 
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in weak interfacial adhesion and reduced mechanical strength, which is a major disadvantage of these 

composites [8]. To address this incompatibility, chemical, physical, biological, and nanotechnology-

based fiber treatment methods have been explored to enhance filler adhesion to the polymer matrix. 

Various researchers have studied filler adhesion by treating polypropylene-based composites with 

fiber fillers using alkali treatments [9], as well as through other advanced methods and studies [10,11]. 

The compatibilization process introduces a third component that acts as a coupling agent, 

eliminating incompatibility by improving adhesion between the filler and the matrix. The Palsule 

process [12] addresses this incompatibility by using a functionalized polymer that reacts with the 

hydroxyl groups present in natural fibers. The processes researched by Palsule are based on 

polyethylene functionalized with glycidyl methacrylate and polyethylene functionalized with maleic 

anhydride by grafting [13–17]. These polymer materials have cutting-edge applications across 

various industries, particularly in the automotive sector [18–20]. 

In this study, polypropylene/flax fiber/wood flour polymer composites were obtained and 

characterized to determine the optimal formulation in terms of performance, in accordance with the 

chosen application.  

Polypropylene was chosen as the polymer matrix for these composites due to its superior 

ignition resistance and lower density, which allows for the incorporation of various types of fillers. 

Flax, a flowering plant from the Linaceae family, is highly versatile, requires minimal care, and can be 

cultivated in temperate climates, reaching maturity in approximately 100 days [19]. The plant has 

remarkable applications across multiple industries, including food, pharmaceuticals, textiles, and, in 

recent years, the production of various biodegradable composites [21]. Materials filled with flax fibers 

have been used by the automotive industry due to their advantages in terms of strength and low 

densities, which lead to fuel consumption savings. Another major advantage of using natural fibers 

in the composition of polymer composite materials for the automotive industry is that, upon impact, 

they break rather than splinter, as is the case with composites reinforced with glass fibers [22–24].  

Following structural, thermal, mechanical, and dielectric characterizations, along with assessing 

the biodegradation behavior under mould exposure over six months, the optimal polymer composite 

was selected as the one with the highest flax fiber content, specifically PP + 10% flax fiber + 20% wood 

flour. 

2. Materials and Methods 

2.1. Materials 

The raw materials used for the production of polymer composites are as follows: 

• polypropylene homopolymer PP J700 TEHNOLEN supplied by MONOFIL SRL, Piatra Neamț, 

Romania. The characteristics of the PP used are presented in Table 1. 

• wood powder, obtained from industrial waste, specifically beech, poplar, and pine wood 

residues. These waste materials were dried at 40°C, ground, and sieved to achieve a particle size 

of up to 200 μm; 

• flax fibers (MONOFIL SRL, Piatra Neamț, Romania) with an outer diameter of about 10-30 μm, 

a density of 1.4 ± 0.1 g/cm³, a modulus of elasticity of 60 ± 3 GPa, a tensile strength of 1.2 ± 0.2 

GPa, and an elongation at fracture of 2.5 ± 0.5%. 

Table 1. Main properties of the PP J700 TEHNOLEN polymer. 

Properties Value Unit Determination method 

Melt flow index (230C, 2.16 kg) 9.96 g/10 min SR EN ISO 1133-1:2022 B [25] 

Density (23C) 0.905 g/cm3 SR EN ISO 1183-1:2019 [26] 

Vicat softening temperature – load  

50 N 
163 °C SR EN ISO 306:2023 [27] 

Tensile flow strength 39.5 MPa SR EN ISO 527-1:2020 [28] 

SR EN ISO 527-2:2012 [29] Tensile breaking strength 25.6 MPa 
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Tensile elongation at break 10.52 % 

Tensile modulus of elasticity 1923.73 MPa 

Maximum flexural stress 53 MPa 
SR EN ISO 14125:2000/AC:2003 

[30] 

Flexural modulus 1782.3 MPa SR EN ISO 178:2019 [31] 

2.2. Methods and Equipment 

2.2.1. Obtaining Polymer Composite Materials 

The polymer composite materials were obtained in two stages: first, composite pellets were 

produced by extrusion using a twin screw extruder of EC52 type (Useon Technology Ltd., Jurong, 

China) with an L/D ratio of 40, a screw diameter of 51.4 mm, the maximum screw speed of 600 rpm, 

the main motor power of 55 kW, and nine heating zones. The processing temperatures on the 

extruder ranged between 220°C and 240°C. After extrusion, the composites were cooled in a water 

bath, forming the composite strand, which was then pelletized into cylindrical form with a diameter 

× height of 3 mm × 3 mm and dried for 2-4 hours at 80°C in a Memmert UNE 500 oven (Schwabach, 

Germany) with air circulation. For obtaining the required test specimens, an injection molding 

machine of MI TP 100/50 type (SC IMATEX, Târgu Mureş, Romania) was used, with a screw diameter 

of 35 mm, a melting capacity of 96 cm³, an injection pressure of 100-120 MPa, and 4 heating zones 

(three on the barrel and one on the injection nozzle). 

The materials studied in this paper are presented in Table 2. 

Table 2. Codification and composition of the prepared polymer materials based on PP and fillers. 

Material type 
Sample 

code 

PP/flax fiber/wood flour 

(wt.%) 

PP M1 100/0/0 

PP + 5% flax fiber + 25% wood flour  M2 70/5/25 

PP + 10% flax fiber + 20% wood flour  M3 70/10/20 

2.2.2. Characterisation Methods 

2.2.2.1. Optical Microscopy 

The aspects regarding the structure of the polymer materials studied were highlighted using 

images obtained with a Carl Zeiss NU 2 optical microscope (Jena, Germany), at a magnification of 

200× for the material M1 (PP) and 500× for the composite materials M1 and M2. 

2.2.2.2. X-Ray Diffraction (XRD) Analysis 

For the XRD analysis, a Bruker-AXS D8 ADVANCE X-ray diffractometer (Karlsruhe, Germany) 

was used, featuring a copper (Cu)-anode X-ray tube with Cu Kα radiation (wavelength of 1.5406 Å), 

applied voltage/current intensity of 40 kV/40 mA, nickel (Ni) Kβ filter, step size of 0.04°, measurement 

time per point of 2 seconds, and a 2θ measurement range of 2°–60°. 

2.2.2.3. Thermal Analysis 

Thermal analysis with coupled techniques (TG-DTA-DSC) was performed using a Netzsch STA 

409 PC Luxx simultaneous thermal analyzer (Gerätebau GmbH, Germany). The recording conditions 

were as follows: temperature range of 25°C → 700°C, static air atmosphere, heating rate of 10 K/min, 

and Pt-Rh crucible. 
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2.2.2.4. Density 

The density was determined using Archimedes' principle with a Mettler Toledo XS204 analytical 

balance (Greifensee, Switzerland) and a density kit, according to standard SR EN ISO 1183-1:2019 

[26]. The measurements were performed in triplicate, in water, at a temperature of 22°C, and the 

arithmetic mean and standard deviation (SD) values were reported. 

2.2.2.5. Mechanical Tests 

Vickers microhardness determination was performed using a microhardness tester, FM 700 

Ahotec, Germany, with a Vickers diamond indenter. All the indentations were performed with a 

force of 0.05 kgf and dwell time of 10 seconds. Ten measurements were taken for each sample, 

according to standard SR EN ISO 6507-1:2023, method A [32]. The minimum and maximum hardness 

values were removed, and from the remaining eight measurements, the arithmetic mean and 

standard deviation (SD) values were reported. 

Determination of the flexural strength by three-point bending was conducted on a Zwick TR FR 

005 TN (Germany) mechanical testing machine, with three specimens of each type of polymer 

material (PP and composite), using a nominal force of 5 kN and a crosshead speed of 1 mm/min in 

accordance with SR EN ISO 178:2019 standard [31]. 

2.2.2.6. Dielectric Tests 

The dielectric characteristics analyzed were volume resistivity (v) and surface resistivity (s). 

The tests were conducted on five disc-shaped samples of each type, in accordance with standards 

IEC 62631-3-1:2023 [33] and IEC 62631-3-2:2023 [34] using a Keithley 6517A electrometer (Cleveland, 

Ohio, USA), a A8009 measurement cell, a circular electrode system with a guard electrode setup, and 

a Dell laptop with Electrical Zoom software for data acquisition. The test voltage was 100 V, and the 

measurement time of 1 minute. The conditioning of the test samples before testing was performed 

for 24 hours at 90°C using a Memmert UNE 500 oven (Schwabach, Germany). Before the 

determination, the samples were short-circuited for 2 minutes. The environmental conditions during 

testing were: temperature of 22±3°C and relative humidity of 50±15%. A Caloris Monit-T/UR digital 

device (Bucharest, Romania) was used for measuring temperature and humidity. 

2.2.2.7. Deterioration Tests due to the Action of Fungi 

Determining the deterioration of polymer materials due to the action of fungi was performed on 

square-shaped samples with sides of about 6–8 mm and thicknesses of 0.75 mm. The samples studied 

were placed in an incubator, for a duration of 6 months, within a temperature range of 28–32°C and 

a humidity level of 90–95% [35]. Method B was chosen for testing according to standard SR EN ISO 

846:2019 [36]. The test medium was Czapek-Dox medium with glucose as carbon source. The tested 

fungal strains were: Aspergillus niger, Aspergillus flavus, Aspergillus terreus, Aspergillus amstelodami, 

Penicillium ochro-chloron, Penicillium funiculosum, Paecilomyces variotii, Chaetomium globosum, 

Myrothecium verrucaria, Scopulariopsis brevicaulis, Stachybotrys atra, and Trichoderma viride.  

Images of the polymer samples after biodegradation were captured using a 4× objective on the 

Nikon SMZ 1000 stereomicroscope with a magnification of 50×, along with a digital camera (included) 

Nikon D60x with a 60× macro lens. 

3. Results 

3.1. Optical Microscopy 

The optical microscope images of the polymer materials studied are presented in Figure 1. 
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(a) (b) (c) 

Figure 1. Optical microscope images (magnification 200×, respectively 500×) of the polymer materials: (a) M1, 

(b) M2, and (c) M3. 

For the material M1 (Figure 1, (a)), surface scratches are observed due to the prior polishing of 

the sample subjected to analysis. The material is homogeneous, does not contain any fillers, since 

represents only the base PP polymer. 

For the M2 and M3 polymer composites (Figure 1, (b), and (c)), the hybrid fillers are visible 

embedded in the polypropylene structure, showing an orange peel-like appearance. This appearance 

is due to the uneven shape of the fillers. It is also noted the presence of polyhedron-shape flax fibers 

as reported in the literature [37,38]. Elemental flax fibers feature a polygonal cross-section with 

smooth-edged corners and stratified walls enclosing a central hollow space known as the lumen [38].  

The dark-colored spots in (Figure 1, (b), and (c)) are represented by the natural mixture of flax 

fibers and wood flour. The dark color of these spots, as well as that of the entire composites, is 

determined by the carbon black, which was added to reduce electrostatic charging. This material is 

homogeneous in continuity. 

3.2. XRD Analysis  

The diffraction patterns resulting from the X-ray diffraction analysis of the polymer materials 

studied are presented in Figure 2. 

  

(a) (b) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 March 2025 doi:10.20944/preprints202503.1072.v1

https://doi.org/10.20944/preprints202503.1072.v1


 6 of 15 

 

 
(c) 

Figure 2. Diffraction patterns of the polymer materials: (a) M1, (b) M2, and (c) M3. 

As a result of the XRD analysis, it was observed that: 

• All the developed polymer materials contain crystalline phases characteristic of PP, including 

gamma-isotactic polypropylene (PDF reference card no. 00-0451807) and syndiotatic 

polypropylene (PDF reference card no. 00-049-2204). 

• The PP polymer exhibits the highest peak intensities, whereas both polymer composites show 

lower peak intensities due to texturing effect introduced by the fillers (wood flour and flax fiber).  

• Among the polymer composite materials with hybrid fillers, the M3 composite was found to 

have the highest proportion of ordered (crystalline) phases. 

• All the polymer materials crystallize in an orthorhombic system, with crystallite sizes of 20.8 nm 

(M1), 19.2 nm (M2), and 23.2 nm (M3). The addition of natural fillers did not alter the structure 

of the PP polymer matrix. 

3.3. Thermal Analysis 

The temperature-dependent mass change (TG), the corresponding mass change rate (DTG), and 

the heat flow rate (DSC) curves, obtained from the thermal analysis of PP and polymer composites 

in static air, are presented in Figure 3. 

 
(a) 
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(b) 

 
(c) 

Figure 3. TG, DTG and DSC curves of the polymer materials: (a) M1, (b) M2, and (c) M3. 

In Figure 3, it can be observed that the polymer materials present similar thermograms. Upon 

inspecting these thermograms, it is noted that during the progressive heating of a polymer material, 

the following processes occur: 

• Process I - Water loss occurs in the M2 and M3 polymer composite materials. 

• Process II - Melting (Tmin DSC) occurs in all the analyzed polymer materials. It is noted that the 

M2 and M3 composites have a melting point close to that of polypropylene (M1). The minor 

differences between these melting points are attributed to the fillers used and probably the 

inhomogeneity of the samples. 

• Process III – Thermal oxidation with the formation of solid products. During thermal 

oxidation, polymer materials react with oxygen, leading to the formation of hydroperoxides (-

OOH) as primary degradation products [39]. The initial temperature of the first oxidation 

process (TIN) with the formation of solid hydroperoxides indicates the stability of the materials 

to oxidation. The stability to thermal oxidation increases as the initial temperature (TIN) of the 

process with the formation of solid hydroperoxides rises. The thermal stability increased with 
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higher TIN in the following order: M1 < M3 < M2. However, it remained similar for both polymer 

composites. 

• Process IV – Thermal oxidation with the decomposition driven by radicals and volatile 

oxidation occurs in all the analyzed polymer materials above the temperature of 434°C. This 

process is detected as exothermic peaks due to combustion-like reactions [39,40]. The presence 

of natural hybrid fillers did not increase the thermal decomposition temperature of the PP 

component from both polymer composites. 

Table 3 presents a comparative summary of some information obtained from the thermal 

analysis (TG, DTG and DSC) of these polymer materials. 

Table 3. Results obtained from the thermal analysis (TG, DTG and DSC) of the M1 - M3 polymer materials. 

Sample 

code 

Process I 

Water loss 

Process II 

Melting 

Process III 

Oxidation 

Process III 

Thermal oxidation 

Process IV 

Thermal oxidation 

m total 

(%) 

Tmin DSC 

(C) 

TDTG 

(C) 

m 

(%) 

Tmin DSC 

(C) 

TIN 

(C) 

Tmax DSC 

(C) 

TDTG 

(C) 

m 

(%) 

Tmax DSC 

(C) 

TDTG 

(C) 

m 

(%) 

M1 46.8 - - 168.3 215.0 
257.0 

285.2 
249.0 96.66 

434.1 

455.9 

495.7 

491.1 3.34 100.00 

M2 - - 2.79 162.7 234.7 

373.0 

445.8 

452.6 

358.5 81.96 452.6 445.8 15.72 100.47 

M3 - - 2.83 164.4 234.0 377.7 358.1 88.32 458.1 - 8.41 99.55 

3.4. Density 

The experimental results obtained from the density determination, conducted using 

Archimedes’ method with water as the liquid medium, are summarized in Table 4. 

Table 4. Density of the M1 - M3 polymer materials. 

Sample code 
Density 

(g/cm3) 

M1 0.879 ± 0.040 

M2 0.945 ± 0.046 

M3 0.906 ± 0.050 

The measurement of density is important for polymer composites with lignocellulosic flax fiber 

and wood flour due to the hydrophilic nature of the natural fillers [7,41].  

The M1 polymer (PP) has a density of 0.879 ± 0.040 g/cm³ (Table 4), which is close to the 

theoretical density (0.905 g/cm³) due to the hydrophobic nature of PP [7]. Polyolefins, such as 

polypropylene, exhibit subunitary densities, and, in general, when reinforced with lignocellulosic 

materials, their density is increased. The density of lignocellulosic materials is higher than that of 

polyolefins [7]. Additionally, fillers of lignocellulosic nature absorb water, swell, and contribute to an 

increase in density. 

In this study, the addition of 5% flax fiber + 25% wood flour fillers to the PP polymer matrix in 

the M2 composite results in an 7.5% increase in density. However, when 10% flax fiber + 25% wood 

flour fillers are used, the density increases by 3.0% in the M3 composite. This finding is attributed to 

the presence of natural fillers, which, regardless of their type and concentration, lead to an increase 

in density in polymer composites. By comparing the densities of the M2 and M3 composites, a 4.1% 

decrease in density is observed for the M3 composite. This leads to the conclusion that, in order to 

obtain polymer composite materials with reduced water absorption, a lower amount of wood flour 

and a higher proportion of flax fibers should be used. 
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3.5. Mechanical Tests 

The mechanical tests consisted of determining the Vickers microhardness and the flexural 

strength. The experimental results obtained are presented in Table 5. 

Table 5. Mechanical properties of the M1 - M3 polymer materials. 

Sample code 
Vickers hardness 

HV 0.05 

Flexural strength 

Rm (N/mm2) 

M1 6.90 ± 0.11 112.97 ± 1.58 

M2 6.47 ± 0.29 78.52 ± 1.28 

M3 7.55 ± 0.59 89.60 ± 1.52 

From the perspective of Vickers microhardness (Table 5), it is observed that the addition of 5% 

flax fiber + 25% wood flour (M2) to the polypropylene matrix results in a decrease in microhardness 

by approximately 6.2%. However, using 10% flax fiber + 20% wood flour (M3) leads to an increase in 

Vickers hardness by about 16.7%. 

The results (Table 5) highlight the variation in flexural strength relative to the PP polymer matrix 

as follows: 

- The addition of 5% flax fiber + 25% wood flour to the PP polymer matrix in the M2 composite 

leads to a decrease in flexural strength (Rm) by approximately 30.5%. 

- The addition of 10% flax fiber + 20% wood flour to the PP polymer matrix in the M3 composite 

results in an increase in flexural strength compared to the M2 composite by about 14.1% and a 

decrease compared to the M1 material by approximately 20.7%. 

It is observed that replacing 5% of the wood flour with flax fibers in the polymer composite (M3) 

causes an increase in both Vickers hardness and flexural strength (Rm).  

The addition of 30% natural hybrid fillers resulted in a decrease in flexural strength, possibly 

due to the polarity of wood flour and flax fiber in contrast to the nonpolar nature of the PP polymer 

matrix [42]. The deterioration of the mechanical properties of the PP polymer with the incorporation 

of lignocellulosic flax fiber and wood flour has also been reported in other studies [41–43]. However, 

when an optimal content, specific morphology, and appropriate size of natural fillers (both particles 

and fibers) are used, along with suitable compatibilizers in the correct proportion, an improvement 

in the mechanical properties of polymer composites can be achieved [44–46]. 

3.6. Dielectric Tests 

The dielectric properties such as volume resistivity (v) and surface resistivity (s) of the polymer 

materials M1 – M3 are presented in Table 6. 

Table 6. Dielectric properties of the M1 – M3 polymer materials. 

Sample 

code 

Volume 

resistivity,  

v (Ω·m) 

Measurement 

uncertainty 

for v (Ω·m) 

Surface resistivity, 

s (Ω) 

Measurement 

uncertainty 

for s (Ω) 

M1 4.67 × 1014 1.41 × 1014 4.70 × 1015 0.98 × 1015 

M2 1.71 × 1014 0.77 × 1014 7.76 × 1015 4.26 × 1015 

M3 1.50 × 1014 0.49 × 1014 11.20 × 1015 5.76 × 1015 

 

Based on dielectric test results (Table 6), it can be stated that the tested polymer composite 

materials fall into the category of insulating materials [47,48]. 

Regarding volume resistivity (v), it is observed that the introduction of flax fibers and wood 

flour as fillers leads to a decrease compared to the PP polymer matrix (M1), as follows: for the M2 

composite, it decreases by approximately 63.4%, and for the M3 composite, it decreases by 

approximately 67.9%. 
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In contrast, surface resistivity (s) increases with the addition of hybrid fillers to the PP polymer 

matrix, as follows: for the M2 composite, it increases by approximately 65.1%, and for the M3 

composite, it increases by approximately 138.3%. 

Thus, it can be observed that the M1 polymer material (PP) exhibits the highest volume 

resistivity (v) and the lowest surface resistivity (s). These results are consistent with findings from 

other studies [49]. Bledzki et al. [49] reported a decrease in volume resistivity with the addition of 30 

wt.% flax fiber in a PP matrix compared to the control PP polymer. This suggests an increase in 

conductivity upon the introduction of lignocellulosic fibers in PP, attributed to the presence of polar 

groups that facilitate current flow when a voltage is applied. In contrast, the surface resistivity of 

polymer composites increases with higher flax fiber content. 

In the case of the polymer composite materials (M2 and M3) studied in this work, only a 30 wt.% 

loading with natural hybrid fillers (wood flour and flax fiber) was reached in the M2 and M3 

composites, and the resistivity values (Table 6) vary with the increase in flax fibers and decrease in 

wood flour. 

3.7. Deterioration Tests due to the Action of Fungi 

Deterioration tests of polymer materials due to the action of fungi were carried out on samples 

with a thickness of 0.75 mm and a biodegradation period of 6 months, with analyses being performed 

at 45 days, 90 days, and 180 days. 

The experimental results obtained from the study of the materials’ behavior under mould 

exposure are presented in Table 7 and Table 8 and indicate the following aspects: 

• The highest weight loss was recorded for the M3 composite (6.91%), followed by M2 (4.73%) and 

M1 (0.69%) after 3 months. In general, for the samples with the highest and lowest weight losses, 

these results correlate with the degree of mould coverage. 

• After 180 days (6 months) of exposure in the biodegradation environment, the weight loss for 

the M3 composite was found to be 12.58%, while for the M2 composite the weight loss value was 

measured at 7.58%. 

• The lowest weight loss was exhibited by the M1 polymer material (PP), which varied in a narrow 

range (0.61 - 0.81%) after 1.5 months, and 6 months, respectively. 

In both polymer composites, sporodochia of Myrothecium verrucaria, known for its 

biodeterioration potential in textiles (flax fibers), were observed. The grade of 5 for both polymer 

composites indicates full fungal coverage (Table 7). 

Table 7. Results obtained for the M1 – M3 polymer materials subjected to deterioration under mould exposure 

according to [36]. 

Sample 

code 

Grades: 0 - 5 (according to method B of [36]) 
Observations 

45 days 90 days 180 days 

M1 01, 01, 01-1, 01-1 1, 1-2, 1-2, 2 1, 1, 1, 1-2 

Myrothecium verrucaria, Trichoderma 

viride, Aspergillus flavus, Paecilomyces 

variotii 

M2 3, 3-4, 4, 4-5 3, 3, 3-4, 3-4 4-5, 4-5, 5, 5 

Sporodochia of Myrothecium 

verrucaria, Trichoderma viride, 

Paecilomyces variotii, and Chaetomium 

globosum, along with cracks 

M3 1-2, 2-3, 3, 3-4 3-4, 3-4, 4, 4-5 5, 5, 5, 5 

Sporodochia of Myrothecium 

verrucaria, and Chaetomium globosum, 

along with cracks 
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Table 8. Weight loss of the M1 – M3 polymer materials subjected to deterioration under mould exposure 

according to [36]. 

Sample 

code 

Weight loss (%) 

45 days 90 days 180 days 

M1 0.61 0.69 0.81 

M2 2.89 4.73 7.58 

M3 4.82 6.91 12.58 

From the results shown in Table 8, it can be observed that the M3 composite exhibits the highest 

weight loss (12.58%) after 6 months, indicating that it is the most degraded. 

The stereomicroscope images of the polymer composite materials M2 and M3 deteriorated due 

to mould exposure after 6 months are shown in Figure 4. 

  
(a) (b) 

Figure 4. Stereomicroscope images (magnification 50×) of polymer composite materials deteriorated due to 

mould exposure after 6 months: (a) M2 composite showing sporodochia of Myrothecium verrucaria, along with 

cracks, and (b) M3 composite showing Myrothecium verrucaria and Chaetomium globosum, along with cracks. 

The susceptibility of the M2 and M3 polymer composite materials to fungi depends on the type 

of natural fillers, as well as the content, size, and morphology of flax fibers and wood flour particles 

within the PP polymer matrix. Moreover, it is known that fungal growth and colony spread are 

facilitated when the surface of natural fillers is not fully covered by the PP polymer matrix [50].  

Further research is needed to functionalize the natural fillers to enhance their compatibility and 

uniform distribution within the PP polymer matrix. 

4. Conclusions 

In this work, two polymer composite materials were obtained and characterized, with a polymer 

matrix made of polypropylene (PP) and natural hybrid fillers consisting of flax fiber (FF) and wood 

flour (WF). The weight concentrations in which the polymer materials were obtained, expressed in 

the form PP/FF/WF, were: 100/0/0, 70/5/25, and 70/10/20. The characterization of these polymer 

materials involved: 

• Optical microscopy and X-ray diffraction analyses highlighted that the M3 composite material 

with hybrid fillers is the most homogeneous and has the largest portions of ordered phases. All 

polymer materials crystallize in an orthorhombic system with crystallite sizes of 20.8 nm (M1), 

19.2 nm (M2), and 23.2 nm (M3). The addition of natural fillers did not alter the structure of the 

PP polymer. 

• Thermal analyses identified thermograms similar to four processes: water loss (I), which occurs 

in the M2 and M3 composite materials, melting (II), which identifies the melting point close to 

the PP matrix, and thermal oxidation with the formation of solid products (III) and 

decomposition driven by radicals and volatile oxidation (IV). For the investigated series, the 
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thermal stability order is: M1 < M3 < M2. However, it remained similar for both polymer 

composites. 

• Mechanical tests showed that incorporating 5% flax fiber and 25% wood flour reinforcement into 

a PP matrix reduces Vickers hardness and bending strength (Rm). However, increasing the flax 

fiber content to 10% and reducing the wood flour to 20% enhances these properties in the M3 

composite compared to the M2 composite. 

• Density measurements indicate that incorporating hybrid natural fillers increases the density of 

the M2 and M3 composites. The highest density was observed in M2, which contains the most 

wood flour, while M3, with the highest flax fiber content, had a lower density than M2 but 

remained higher than that of the PP polymer (M1). 

• Dielectric tests indicated that the volume resistivity decreases with the introduction of a hybrid 

filler, while the surface resistivity increases with its introduction. 

• Deterioration tests due to the action of fungi were conducted over 6 months, after which the 

polymer materials can be classified based on degradation rate (weight loss) as follows: M3 > M2 

> M1. 

Based on the conducted analyses, the optimal variant for the chosen application was selected as 

the composite with the highest concentration of flax fibers, namely PP + 10% flax fiber + 20% wood 

flour, coded as M3.  

Further research is needed to functionalize the natural fillers to enhance their compatibility and 

uniform distribution within the PP polymer matrix. 
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