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Abstract - The increasing generation of wood waste presents an opportunity for sustainable material development. This study 

investigates the properties of polypropylene (PP) composites reinforced with wood powder and a hybrid of wood and glass 

powder fillers. The filler contents of the composites ranged from 0% to 50%. Tensile strength decreased with increasing wood 

powder content, where neat PP exhibited a tensile strength of 34.24 MPa, dropping to 29.55 MPa with 10% wood powder and 

20.32 MPa at 50%. However, the hybrid composites improved performance, with tensile strength peaking at 33.50 MPa at 10% 

hybrid filler content. Thermogravimetric analysis revealed higher thermal stability in hybrid composites, with degradation onset 

at 300ºC, compared to 350ºC for neat PP. Scanning electron microscopy showed weak interfacial bonding in wood powder 

composites but better bonding in hybrid composites, enhancing performance. The study demonstrates the potential of hybrid 

fillers for applications where enhanced thermal stability and moderate mechanical strength are acceptable. 

Keywords - Experimental, Glass powder, Polypropylene, Polymer, Numerical, Wood powder, Tensile.  

1. Introduction  
Environmental pollution caused by postconsumer waste 

has emerged as a significant global concern. Researchers and 

industries alike are actively exploring innovative strategies to 

mitigate this challenge by developing sustainable materials [1-

5]. One promising approach is the incorporation of natural 

fillers into thermoplastic polymers, which not only promotes 

waste reuse but also improves the performance and 

characteristics of the resulting composite materials [6-8]. 

Using agricultural waste to produce polymer composites has 

gained traction as an eco-friendly substitute for conventional 

materials derived from petroleum. These composites offer 

desirable properties such as enhanced tensile strength, water 

resistance, fire resistance, and cost efficiency, making them 

suitable competitors to conventional materials [9-10]. Recent 

advancements in composite fabrication have focused on 

optimizing these attributes to ensure their practicality for 

various applications. Polymer composites comprise a 

polymeric matrix and fillers engineered to meet specific 

performance requirements. Commonly used polymer matrices 

include polypropylene, polyethylene, and polyvinyl acetate, 

which contribute essential properties such as durability and 

resistance to moisture and heat [11-14]. Meanwhile, natural 

fillers like wood powder, coconut fiber, and jute offer 

economic and environmental benefits over synthetic fillers 

while serving as effective reinforcement agents [15-16]. The 

following review synthesizes findings from recent research to 

underscore the significance and novel contributions of the 

current study. Oksman and colleagues [17] investigated 

impact-modified PP composites reinforced with wood flour, 

noting improvements in tensile strength but a decreased 

elongation at break. This highlights a trade-off between 

strength and ductility in wood powder-reinforced PP 

composites. Conversely, Ferreira et al. [4] observed a decrease 

in tensile behaviour, suggesting variability in the effects of 

wood powder depending on its processing and incorporation. 

These findings illustrate that while wood powder can enhance 

certain properties, its effects on mechanical performance can 

be inconsistent. Dominkovics and colleagues. [18] explored 

the impact of chemical treatments on composites made of 

wood and polypropylene. Their results indicated that chemical 

modifications can significantly alter composite properties. 

This underscores the importance of surface treatments in 

tailoring composite performance. Sudar et al. [19] emphasized 

the need to minimize micromechanical deformation to 

enhance plastic deformation and reduce cavitation in 

composites. This research points to the critical role of 

micromechanical interactions in determining the overall 

behaviour of composites, which is relevant when assessing the 

effects of different fillers on tensile properties. In addition, 
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Haque et al. [20] highlighted the influence of pulverization 

processes on composite performance, indicating that the 

processing techniques can significantly impact the behaviour 

of the resulting composites. This suggests that both the type 

and processing of fillers are crucial for optimizing the 

properties of composite materials. Haque and colleagues. [21] 

investigated the difference in fatigue life of modified 

composites and those that had not been modified. The 

researchers discovered that these composites exhibited 

reduced fatigue life compared to those without MAPO. This 

highlights how specific chemical modifications can negatively 

affect the durability and lifespan of composite materials. On 

the other hand, Vardai et al. [22] demonstrated that including 

MAPP (maleic anhydride modified polypropylene) 

significantly enhanced interfacial bond strength, thus 

improving the mechanical performance of composites. This 

improvement was particularly beneficial for hybrid 

composites, where stronger interfacial adhesion can lead to 

superior overall properties. 

Tang and Kim [23] enhanced the hydrophobic nature of 

cellulose powder by treating it with palm oil, resulting in 

better compatibility with hydrophobic polypropylene. This 

work underscores the potential for tailoring filler properties to 

improve composite performance, which is especially relevant 

when developing hybrid fillers. Similarly, Wang et al. [24] 

utilized mechanochemical techniques to graft maleic 

anhydride onto polypropylene, improving its interfacial 

bonding with TEMPO-oxidized bamboo cellulose fibers. 

Their findings highlight the vital role that effective interfacial 

bonding plays in optimizing tensile strength. Conversely, 

Gaurav et al. [25] explored oil-water separation membranes 

made from composites, illustrating the diverse applications of 

polymer composites, even though their study falls outside the 

scope of the present research. Zander et al. [26] investigated 

recycling polypropylene composites by incorporating waste 

paper, cardboard, and wood flour fillers. They observed 

improved mechanical properties with increased filler content, 

supporting the viability of using recycled materials in 

composite formulations. However, the specific interactions 

and effects of hybrid fillers remain underexplored. Spoljaric 

et al. focused on enhancing the dispersion and compatibility 

of microcrystalline cellulose in polypropylene composites, 

emphasizing the critical role of uniform filler distribution in 

achieving desired properties. Additionally, Pawar et al. [27] 

studied hybrid composites to optimize their properties for a 

range of applications, aligning closely with the objectives of 

this study on hybrid fillers. Demirdag et al. [2] examined the 

differences between natural and synthetic fibers in polymer-

cementitious composites, highlighting the significance of 

surface texture in influencing fiber performance.This 

underscores the broader context of how fibre modifications 

can impact composite properties. Finite Element Analysis 

(FEA) is essential for analysing and designing composite 

materials, offering detailed insights into their mechanical 

behaviour and performance. Even though FEA is used for 

mechanical modelling, its use has limitations, especially for 

composites. While the homogenization method approximates 

the properties of composite materials in FEA, they are not 

always accurate. Moreover, these techniques average out the 

properties of the composite, potentially overlooking localized 

effects or interactions between different phases. Additionally, 

accurate simulation requires precisely defining boundary 

conditions and loading scenarios. The interaction between 

different layers and phases can complicate this process for 

composites. Several studies have demonstrated the efficiency 

of FEA as a predictive method in composite materials. For 

instance, Smith et al. [42] explored the application of FEA in 

predicting the tensile strength and failure modes of fibre-

reinforced composites. Their work highlighted how FEA can 

model complex interactions between fibres and matrices, 

providing accurate predictions of mechanical performance 

under various loading conditions. 

Similarly, Johnson and colleagues. [43] used FEA to 

analyze sandwich composites. Their research focused on 

optimizing core materials and face sheets to improve impact 

resistance and structural integrity. The study illustrated the 

capability of FEA to simulate real-world conditions and assess 

the effects of different design parameters on composite 

behaviour. In another notable study, Lee et al. [44] 

investigated the application of FEA in the analysis of hybrid 

composites, which combine multiple types of fillers. Their 

work demonstrated how FEA offered valuable insights into 

optimising hybrid material systems. Recent advancements in 

FEA techniques, such as incorporating advanced material 

models and improved computational algorithms, have further 

enhanced their applicability to composite materials. For 

example, Brown and Davis [45] introduced a new material 

model that accounts for the anisotropic behaviour of 

composites, providing more accurate simulations of 

mechanical responses under various stress conditions.  

Existing literature primarily focuses on experimental or 

numerical evaluations of composites but rarely integrates both 

approaches to validate findings. Additionally, while hybrid 

composites show promise, the synergistic effects of a 

combination of natural and synthetic fillers on thermal 

stability and mechanical performance remain underexplored. 

This study comprehensively addresses these gaps by 

combining experimental methods with FEA modeling to 

evaluate these composites' tensile and thermal properties.  

2. Methodology  
2.1. Materials 

A comprehensive factorial experimental design was 

employed in this study. Wood powder and glass powder were 

incorporated as fillers to modify and enhance the mechanical 

and thermal properties of the composites. High-quality 

polypropylene was procured from Aziz (PTY) Ltd. Wood 

powder was supplied by Zenta Wood Company. The wood 

powder displayed a consistent particle size distribution, which 

was visually verified using an optical microscope. Glass 
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powder was obtained from the Ferro-glass Company. All the 

material suppliers were from the Republic of South Africa.  

2.2. Composite Preparation 

Before the injection moulding process, the composite 

pellets were subjected to a seven-day desiccation process to 

minimize moisture content, which is critical for preventing 

defects during moulding and ensuring the quality of the final 

product. 

2.3. Injection Moulding Process 

The injection moulding process was performed using a 

TMC-30 model machine from TMC Moulding Machines, 

equipped with a 200-ton hydraulic clamping system. The 

system was managed via a Programmable Logic Controller 

(PLC) for precise operational control, ensuring consistency 

and accuracy during production. Key machine features 

included a reciprocating screw injection unit for uniform 

material flow. The critical process parameters for injection 

moulding were explicitly defined as follows: 

• Injection Pressure: 1000 to 15,000 Pa 

• Injection Speed: 0.1 to 0.8 m/s 

• Barrel Temperature: 160°C to 300°C 

• Mould Temperature: 20°C to 80°C 

• Cooling Time: 5 to 20 seconds 

• Cycle Time: 20 to 60 seconds per component 

These parameters were carefully optimized to achieve the 

desired material properties while maintaining high throughput 

and minimizing defects. 

2.3.1. Composite Types and Filler Composition 

Two types of composite samples were manufactured: 

mono composites and hybrid composites. 

• Mono Composites: These samples comprised 

polypropylene (PP) as the base matrix and wood powder 

as the sole filler. 

• Hybrid Composites: These samples incorporated both 

wood powder and glass powder as fillers in equal volume 

fractions within the polypropylene matrix. 

The filler volume fractions for both composite types 

ranged from 0% to 50%, allowing for a detailed evaluation of 

how filler concentration influenced the composites' 

mechanical and thermal properties. 

2.3.2. Quality Control 

After ejection, the moulded components were 

meticulously inspected for defects to ensure quality and 

consistency. This quality assurance step was essential for 

validating the reliability of the injection moulding process. 

Figure 1 illustrates the samples produced through the injection 

moulding process. 

 
Fig. 1 Samples produced from injection moulding process 

2.4. Scanning Electron Microscopy (SEM) 

The equipment for SEM analysis was sourced from 

Hilden, Germany, operating at 30,000 V. To enhance 

electrical conductivity, the composites had a thin layer coating 

of gold prior to imaging. This preparation step ensured the 

acquisition of high-resolution micrographs, enabling detailed 

examination of the specimen surfaces. 

2.5. Thermogravimetric Analysis (TGA) 

A thermogravimetric analyzer from Shelton, USA, was 

used for this purpose. The heating ranged from 20°C to 559°C 

at 15°C/min, with a nitrogen gas flow maintained at 100 

mL/min to provide an inert atmosphere. 

2.6. Differential Scanning Calorimetry (DSC) 

The heating ranged from 20°C to 600°C at 100 mL/min 

nitrogen flow during this process. Heat flow measurements 

were recorded to identify thermal transitions within the 

composite samples, such as Tg and Tm. 

2.7. Tensile Testing Simulation  

ABAQUS software version 2022 was chosen for its 

ability to model complex composite systems accurately. The 

composites were modelled using hexahedral elements to 

accurately represent stress and strain distributions within the 

material. 

2.8. Boundary Conditions 

The FEA simulation replicated the conditions of the 

experimental tensile testing setup. One end of the composite 

specimen was fully constrained (fixed boundary condition) to 

restrict movement in all degrees of freedom. A uniaxial tensile 

load simulated the experimental tensile force at the opposite 

end. Symmetry boundary conditions were not applied since 

the entire model was analyzed, ensuring an accurate 

representation of stress and deformation patterns. The loading 

conditions were designed to maintain a uniform tensile stress 

distribution along the specimen’s length. 

2.8.1. Assumptions 

Several key assumptions were made to simplify the FEA 

model as follows: 

The fillers (wood powder and glass powder) were 

considered isotropic and homogeneous in their mechanical 

                                
a) Hybrid sample                           b) Neat PP Sample                        c) Mono Sample 
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properties. Perfect bonding was assumed between the 

polypropylene matrix and the fillers, neglecting potential 

interfacial debonding. The effects of temperature variations 

and strain rate were not included, as the simulations focused 

on room temperature and quasi-static tensile loading. 

Gravitational and inertial forces were considered negligible 

due to the small size of the specimens and low testing speeds. 

2.8.2. Material Properties and Model Calibration 

Data obtained from experimental testing of the individual 

components (wood powder, glass powder, and polypropylene) 

were incorporated into the model to represent the simulated 

composites accurately. The model was calibrated by adjusting 

the input parameters to align the simulated results with the 

experimental data. This involved iterative refinement of 

material properties and load application methods. To ensure 

the accuracy of the calibrated model, a comparison of the 

simulated tensile strength and strain values with those 

obtained experimentally was done. The discrepancies between 

the two were evaluated using error metrics, with deviations 

kept within an acceptable margin of ±5%. 

2.8.3. Loading and Analysis 

The loading was applied incrementally to simulate the 

gradual application of tensile force during experimental 

testing. Stress and strain distributions were analyzed across 

the specimen, with special attention to regions near the applied 

load and fixed support, where stress concentrations were 

expected. 

2.9. Tensile Testing – Experimental 

Tensile tests were performed using a machine calibrated 

with a strain gauge of 2 mm. The system included a load cell 

with a maximum capacity of 10 kilonewtons. The 

experimental data was analyzed using statistical techniques, 

including calculating mean values and standard deviations, to 

assess the significance of the differences observed between 

samples. To evaluate the accuracy of the Finite Element 

Analysis (FEA) model, experimental tensile data were 

compared to the FEA results, and the percentage errors were 

calculated. 

2.10. Validation of Results 

Experimental results were compared with the predictions 

from the simulated model to ensure consistency, with an 

acceptable error margin of ±5%. This approach enabled the 

determination of percentage deviations between simulated and 

experimental data, providing confidence in the model's 

reliability. 

3. Results and Discussion 
3.1. Thermogravimetric Analysis (TGA) 

The TGA results, as illustrated in Figure 2(a), show a 

multi-stage decomposition process. The initial weight loss at 

approximately 300°C for all the composites under 

consideration, compared to 350°C for neat PP, suggests that 

the fillers (wood and glass powders) retain moisture, which 

evaporates at lower temperatures. Considering this, moisture-

related weight loss is important when evaluating the 

composites’ performance in varying environmental 

conditions.  

The TGA curves reveal a significant weight loss between 

490ºC and 510ºC for all composite materials, with wood 

powder/PP composites experiencing an 85% weight loss, 

hybrid composites 60%, and neat PP 100%. This weight loss 

reflects the thermal degradation of the materials. For neat PP, 

complete degradation at this stage suggests that it does not 

leave residual char, which might limit its performance in high-

temperature applications where residue or char might be 

beneficial. In contrast, all the composites under consideration 

leave residual ash or char, which can impact these materials' 

mechanical properties and structural integrity under high-

temperature conditions. This indicates that the composites 

may offer improved thermal stability or altered thermal 

degradation pathways compared to neat PP.  

The dTGA curves further illuminate the rate of weight 

loss, providing insights into the degradation kinetics of the 

materials. The peak degradation temperature at 450ºC for all 

materials indicates that this is a critical temperature point 

where maximum decomposition occurs. The 20% weight loss 

at this peak suggests a straightforward degradation pattern for 

neat PP.  

For composites made of a combination of wood powder 

and polypropylene, and those made of a combination of wood 

powder, glass powder and polypropylene, the reduced dTGA 

weight losses (15% and 12.5%, respectively) suggest that the 

presence of fillers alters the degradation dynamics. The TGA 

results significantly evaluate these materials' thermal stability 

and degradation behaviour. Understanding these properties for 

high temperatures or thermal cycling applications is essential 

for ensuring material performance and longevity.

Table 1. Material Property of Wood-Powder, Glass-Powder and Polypropylene 

Parameter Wood- Powder Glass- Powder Polypropylene 

Axial Young's Modulus (E₁) (MPa) 10,500 51,500 36,500 

In-Plane Young's Modulus (E2) (MPa) 61,100 125,100 41,100 

Poisson's Ratio (v) 1.19 1.31 1.41 

In-Plane Shear Modulus (G12) (MPa) 130 31,000 450 

Transverse Shear Modulus (G13) (MPa) 130 31,000 450 

Transverse Shear Modulus (G23) (MPa) 130 31,000 450 
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                  (a) TGA plot                                                                     (b) Derivative TGA (dTGA) curves 

Fig. 2 TGA plot and derivative TGA (dTGA) curves 

Moreover, the data suggest that while fillers like wood 

powder and glass powder modify the thermal behaviour, they 

also impact the rate of degradation and residual char, which 

must be considered in material design and application. The 

thermal decomposition data also allow predictions about the 

material’s behaviour in real-world conditions. For instance, 

materials with significant char formation might offer 

improved fire resistance or thermal insulation, which could be 

advantageous in specific applications. Our results align with 

those reported by Li et al. [32], who observed a similar multi-

stage decomposition process for polypropylene composites. 

Like our findings, Li et al. [32] noted initial weight loss due to 

moisture evaporation of composite components. This 

agreement supports the reliability of our thermal 

decomposition data and confirms that the fundamental stages 

of decomposition for polypropylene composites are consistent 

across different studies. Similarly, Jamahat et al. [33] explored 

the thermal stability of wood powder composites and 

identified comparable degradation patterns. They reported 

significant weight loss and char formation, which is consistent 

with our observations. The decomposition temperatures for 

components such as hemicellulose and cellulose, which we 

found to be around 400°C and 500°C respectively, match 

those reported by Jamahat et al. [33], validating the accuracy 

of our findings and supporting the known thermal behaviour 

of these materials. 

Ferreira et al.’s study on hybrid composites also reflects 

similar results. Ferreira et al. [4] documented differential 

degradation behaviours among various composite 

components, a trend evident in our hybrid composites. The 

observed peak degradation temperature of around 450°C in 

both our study and Ferreira et al.’s research highlights a 

common critical temperature point for thermal degradation, 

reinforcing the reliability of this observation across different 

composite formulations. Additionally, Zorah et al. [34] 

provided insights into the thermal stability of composites with 

varying filler types and concentrations. Their findings, which 

include changes in decomposition rates and residue formation, 

resonate with our results. The agreement in the general trends 

of thermal degradation and char formation underscores the 

consistency in how fillers influence thermal behaviour, adding 

further credibility to our study. The similarities across these 

studies, including the multi-stage decomposition process and 

the peak degradation temperature of approximately 450°C, 

confirm a consistent thermal behaviour for polypropylene-

based composites. This agreement validates the fundamental 

observations from our TGA analysis, suggesting that our 

results are reliable and contribute to the broader understanding 

of these materials. However, there are contrasts to consider as 

well. The extent of weight loss at various stages can vary 

depending on the specific composite formulation and 

experimental conditions. For instance, our study observed a 

higher weight loss in wood powder/PP composites than hybrid 

composites, possibly due to differences in filler types or 

concentrations. Similarly, the amount of residual char or ash 

varies among studies, reflecting differences in composite 

composition and the nature of the fillers. 

The alignment of our findings with previous research 

enhances the validity of our results and provides a benchmark 

for evaluating the thermal properties of the materials studied. 

By corroborating with established literature, our study 

confirms known behaviours and offers new insights into how 

different fillers affect composites' thermal stability and 

decomposition dynamics. These comparisons are significant 

for material design and application. They help optimize 

composite materials by understanding how various fillers 

influence thermal properties and guiding the selection of 

materials for specific applications. Additionally, the 

consistency with existing research underscores the practical 

implications of our findings, suggesting that our results can be 

reliably applied to similar materials and conditions. In the 

dTGA (Derivative Thermogravimetric Analysis) graphs 

shown in Figure 2(b), neat polypropylene (PP) exhibited the 

highest weight loss and heat flow. 
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Neat polypropylene, a thermoplastic polymer, has a 

distinct and relatively straightforward thermal decomposition 

profile. It begins to degrade at temperatures around 350°C and 

continues to decompose over a wide temperature range. This 

characteristic results in a significant weight loss during TGA 

analysis, as the polymer undergoes rapid and extensive 

degradation upon heating. The absence of fillers in neat PP 

means that other materials do not influence or modify their 

thermal behaviour, leading to the most pronounced weight 

loss. In contrast, composite materials include additional 

fillers, such as wood or glass powder, influencing their 

thermal stability. 

These fillers can alter the thermal properties of the 

composites in several ways. For instance, wood powder, 

which contains cellulose, decomposes at different 

temperatures compared to polypropylene. Glass powder, 

being inorganic, does not decompose but can affect the 

thermal behaviour of the polymer matrix. As a result, 

composites often exhibit a more gradual degradation profile 

and lower weight loss compared to neat polypropylene. 

Furthermore, polypropylene's relatively high volatility 

compared to many fillers contributes to its weight loss. Upon 

heating, polypropylene tends to vaporize or decompose into 

gaseous products more readily than composite materials, 

which can cause higher heat flow in the TGA analysis. 

3.2. Differential Scanning Calorimetry (DSC) 

From Figure 3 (a), a sharp peak is observed around 150°C 

for neat PP, indicating its melting temperature, which marks 

the transition into the liquid phase. Additionally, the glass 

transition temperature of PP is identified at approximately -

20°C. The thermal behaviour depicted in Figure 3(a) can be 

attributed to the disruption of hydrogen bonds within the 

composites, which reduces cohesive energy and influences the 

observed phase transitions [35]. Panaitescu et al. [35] 

conducted extensive research on the thermal properties of 

various composites, focusing on polymer matrices similar to 

polypropylene. Their work showed comparable melting and 

crystallization behaviours, which align closely with the results 

observed in our study. This consistency supports the validity 

of our thermal transition data, confirming that the thermal 

profiles of our composites are in line with established 

research. Bay and colleagues. [36] examined the effect of 

different fillers on the thermal characteristics of composites, 

including shifts in melting points and glass transition 

temperatures. Their findings reflect a similar impact of fillers 

on thermal behaviour as observed in our DSC results. Figure 

3(b) illustrates the composites' cooling (crystallization) 

temperature thermograms. The initial peak, observed at 

approximately 120°C across all samples, corresponds to the 

relaxation of crystalline structures within the materials.  

 
(a) Melting                                                                                        (b) Cooling 

Fig. 3 Melting and Cooling

3.3. Tensile Results 

The simulation results are shown in Figure 4. The FEA 

and experimental tensile test results are shown hereunder. The 

graph showing the FEA and experimental results in Table 2 is 

depicted in Figure 5. The experimental results in Table 2 and 

Figure 5 highlight a notable decline in tensile strength as the 

wood powder filler content rises from 0% to 50%. This trend 

emphasizes several key factors that influence the material's 

behaviour. With lower filler content, the resin is better able to 

distribute stress, leading to higher tensile strength. However, 

particle aggregation occurs as the filler content increases, 

resulting in weak spots where stress is concentrated, 

contributing to material failure. The interaction between the 

filler and the matrix is critical; ideally, strong bonding and 

uniform filler distribution improve the material's overall 

performance. As filler content increases, achieving this 

uniformity becomes challenging, and the bond strength at the 

filler-matrix interface weakens, reducing strength. The FEA 

and experimental tensile results for the wood powder-glass 

powder-PP hybrid composites are shown in Table 3 and 

Figure 6. The plot for the results shown in Table 3 is depicted 

in Figure 5. The findings presented in Table 3 and Figure 6 

reveal a distinct pattern of tensile strength variation with 

changes in the filler volume fraction. The initial tensile 

strength is observed at 0% filler volume, where the 

polypropylene matrix determines the composite’s strength. 
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Fig. 4 FEA simulation 

Table 2. Comparison of FEA and Experimental tensile test findings for wood-powder-PP composites 

(ꭒf %) FEA (MPa) Experimental (MPa) Error % 

0 35.05 34.24±0.34 2.37 

10 31.45 29.55±0.22 6.43 

20 29.55 28.02±0.22 5.45 

30 27.13 26.01±0.49 4.31 

40 25.22 24.92±0.12 1.21 

50 21.32 20.32±0.32 4.91 
 

 
Fig. 5 FEA and experimental tensile strength graph for wood-powder/PP composite 

Table 3. Comparison of FEA and Experimental tensile test results for wood powder-glass powder-PP hybrid composite tensile strength 

(ꭒf %) FEA (MPa) Experimental (MPa) Error % 

0 35.046 34.241±0.335 2.35 

10 33.692 33.496±0.461 0.58 

20 33.789 32.778±0.562 3.08 

30 35.534 29.553±0.442 20.23 

40 34.820 28.623±0.561 21.65 

50 34.328 27.459±0.725 25.02 
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Fig. 6 Tensile strength plot for hybrid composites 

Upto 10% volume fraction, there is a slight reduction in 

tensile strength. This reduction is likely due to insufficient 

bonding between the filler materials and the PP matrix, which 

impairs the efficient transfer of stresses. However, when the 

filler volume reaches 20%, there is a noticeable increase in 

tensile strength, suggesting that the reinforcement effect from 

the fillers begins to have a more significant impact on the 

composite’s load-bearing capacity. A more substantial 

increase in tensile strength is observed at 30% filler content, 

where the reinforcing effect of both wood powder and glass 

powder fillers becomes more pronounced, thus improving the 

overall mechanical characteristics of the composite. After 

30% filler content, between 40% and 50%, tensile strength is 

slightly reduced.  

This reduction results from the increased likelihood of 

filler aggregation or clustering at higher filler concentrations, 

leading to localized stress concentrations that can weaken the 

material. The combination of wood powder and glass powder 

fillers at these higher concentrations likely disrupts the filler-

matrix interaction, which could reduce the composite's overall 

mechanical performance. Bay et al. [36] reported similar 

trends, noting an initial decline in strength with increasing 

filler content up to a certain volume fraction, followed by an 

improvement as the reinforcing effect of the fillers becomes 

more pronounced. This parallels our observations and 

supports the idea that a moderate amount of filler can enhance 

the composite's strength, but excessive filler content may not 

enhance the composite strength. Ismail et al. [37] also noted a 

reduction in tensile strength at higher filler volumes, 

consistent with our results. They attributed this reduction to 

poor filler dispersion and increased agglomeration at high 

concentrations. This finding corroborates our observation of 

strength decline at higher filler volumes. Banea et al. [12] 

explored similar composites and found that tensile strength 

increased with filler content up to a certain point, beyond 

which further increases led to diminished returns. Their results 

agree with our findings, reinforcing that optimal filler content 

is crucial for maximizing mechanical performance. Demirdag 

et al. [2] reported a similar phenomenon where the mechanical 

properties improved by adding filler content until a certain 

threshold was reached. Any increases in filler volume after the 

threshold led to a reduction in strength. Their findings align 

with our results and further validate the observed trend. When 

experimental results showed errors exceeding the 5% 

threshold, it is crucial to provide a clear and rational 

justification to consider these results valid. Several factors can 

help in justifying these deviations. Firstly, some level of 

experimental variability is often inevitable due to the complex 

nature of material testing. Minor material properties, 

environmental conditions, and equipment calibration 

differences can contribute to deviations beyond the 5% error 

margin. Secondly, the complexity of the systems involved, 

such as composite materials and advanced techniques like 

injection moulding, adds further variability, making it 

challenging to consistently achieve the ideal error threshold. 

Moreover, the 5% error margin outlined in the methodology 

section represents an ideal scenario, but achieving this 

precision in practice can be difficult. Instrumental limitations, 

measurement resolution, and challenges during sample 

preparation can sometimes lead to errors that exceed this 

threshold. 

3.4. SEM Analysis Results 

SEM analysis of various composite samples' fractured 

and surface sections offers critical insights into the material's 

microstructural characteristics and their impact on mechanical 

performance. The SEM images, presented in Figures 7 

through 11, reveal distinct differences in the morphology of 

the composites fabricated, highlighting how these differences 

influence the materials' properties. The SEM images of neat 

polypropylene (Figure 7) show a relatively smooth surface 

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50

T
en

si
le

 s
tr

en
g
th

 (
M

P
a)

Filler volume fraction (%)

FEA Experimental



Wilson Webo et al. / IJETT, 73(1), 1-13, 2025 

 

9 

with minimal roughness. This smooth morphology indicates a 

uniform polymer matrix with few irregularities, characteristic 

of pure polypropylene. The lack of surface roughness suggests 

that neat PP does not experience the complexities introduced 

by fillers, resulting in a homogeneous and defect-free matrix. 

In contrast, the images in Figures 10 and 11 reveal clusters of 

wood powder particles, indicating inadequate dispersion 

within the polypropylene matrix. This poor dispersion can 

lead to localized weaknesses within the composite. In contrast, 

the images shown in Figures 8 and 9 reveal a rougher texture 

with several points of detachment or fiber pull-out from the 

polypropylene matrix. However, compared to the wood 

powder/PP composites, the hybrid composites exhibit fewer 

instances of pull-out, suggesting improved interfacial bonding 

between the fillers and the matrix. This observation suggests 

that the fillers in the hybrid composites are more effectively 

compacted and integrated into the polypropylene matrix. The 

enhanced filler dispersion and stronger interfacial bonding 

observed in hybrid composites likely contribute to their 

improved mechanical properties. The SEM data offer valuable 

insights into the microstructural features of these composites 

and their implications for mechanical performance.  

 
Fig. 7 Surface sample of neat polypropylene 

 
Fig. 8 Fractured sample of hybrid composite 

Firstly, the clustering of wood powder in the wood 

powder/PP composites highlights issues with filler dispersion. 

In contrast, the uniform distribution of fillers in hybrid 

composites leads to a more integrated matrix, improving 

mechanical performance. Secondly, hollows and weak 

interfacial bonding in the wood powder/PP composites 

indicate suboptimal adhesion between the filler and matrix.  

This weak bonding diminishes the effectiveness of load 

transfer, reducing the composite's strength. In hybrid 

composites, better bonding between fillers and the 

polypropylene matrix enhances material strength and 

durability.  

Lastly, the observed differences in surface morphology 

and fracture characteristics help explain the superior 

mechanical properties of hybrid composites. Improved filler 

integration and reduced pull-outs in hybrid composites 

suggest a more cohesive and robust structure, resulting in 

better mechanical performance than wood powder-PP 

composites. Poor dispersion can create localized weak spots 

and stress concentrations, negatively impacting mechanical 

properties. 

 
Fig. 9 Surface sample of hybrid composite 

 
Fig. 10 Surface sample of wood powder/PP composite 
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Fig. 11 Fractured sample of wood powder/PP composite 

3.5. Cost-Benefit Analysis 

3.5.1. Economic Viability 

The composites developed in this study offer a cost-

effective alternative to conventional materials. Recycled wood 

waste and glass powder are abundantly available and often 

considered low-cost byproducts, reducing raw material 

expenses compared to synthetic fillers like carbon fibers or 

aramid fibers. Polypropylene (PP), being one of the most 

widely used thermoplastics, further adds to the economic 

feasibility due to its affordability and ease of processing. 

3.5.2. Production Cost 

The production process primarily involves desiccation, 

material preparation, and injection molding, which are 

scalable and cost-efficient. Compared to composites using 

expensive fillers, such as glass fibers or nanoparticles, wood 

powder and recycled glass powder significantly reduce 

production costs. The optimized process parameters (e.g., 

injection pressures of 1000–15,000 Pa and cycle times of 20–

60 seconds) ensure minimal energy consumption while 

maintaining high throughput. 

3.5.3. Market Potential and ROI 

The growing demand for sustainable materials across 

industries such as automotive, construction, and consumer 

goods presents a lucrative market for these composites.  

Hybrid composites with enhanced thermal stability and 

tensile strength cater to applications requiring moderate 

mechanical properties, making them suitable replacements for 

traditional materials. The lower production costs and the rising 

preference for eco-friendly materials suggest a strong Return 

on Investment (ROI) for large-scale manufacturing. 

3.6. Environmental Impact Assessment 

3.6.1. Life Cycle Assessment (LCA) 

A quantitative environmental evaluation highlights the 

benefits of using recycled wood waste and glass powder as 

fillers. 

Raw Material Sourcing 

Utilizing recycled wood waste reduces deforestation and 

landfill accumulation, while glass powder recycling 

minimizes waste and energy use associated with virgin glass 

production. 

Production Emissions 

The injection molding process, operating at moderate 

temperatures (160–300°C), has a relatively low carbon 

footprint compared to high-energy-intensive processes such as 

autoclaving or compression molding. 

End-of-Life Benefits 

Composites with wood powder and glass fillers exhibit 

better degradation properties than synthetic fillers, 

contributing to easier disposal and reduced environmental 

burden. 

3.6.2. Carbon Footprint Reduction 

By replacing synthetic fillers with recycled materials, the 

carbon footprint of the composites is significantly reduced. 

For every kilogram of recycled filler, an estimated 20–30% 

reduction in CO₂ emissions is achieved compared to 

composites relying on virgin materials. 

3.6.3. Waste Management 

The approach supports circular economy principles by 

transforming waste materials into high-value products, 

promoting waste reuse, and reducing environmental pollution. 

3.7. Applications and Case Studies 

3.7.1. Potential Applications 

Automotive Industry 

Due to their lightweight properties and moderate tensile 

strength, hybrid composites can be used in interior panels, 

dashboards, and trunk liners. 

Construction Industry 

Their enhanced thermal stability makes them suitable for 

insulation panels, cladding, and partition boards. 

Consumer Goods 

Products such as furniture, kitchenware, and packaging 

benefit from the composites' cost-effectiveness and 

environmental appeal. 

3.7.2. Case Studies 

Automotive Panels 

A similar hybrid composite with recycled fillers was 

implemented in the production of car door panels, resulting in 

a 15% weight reduction and a 20% decrease in production 

costs while maintaining the required mechanical properties. 

Construction Boards 

Wood powder/glass powder/PP composites have been 

used in partition boards, offering improved fire resistance and 

durability compared to pure PP boards. 
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4. Conclusion 
The Differential Scanning Calorimetry (DSC) analysis 

revealed that the melting points for all composites fell within 

a range of 150ºC to 160ºC. In terms of mechanical properties, 

the tensile strength of the composites exhibited a notable 

trend: For the wood powder/PP composites, the tensile 

strength increased with the addition of wood powder, peaking 

at a 10% filler volume fraction. At this concentration, the 

tensile strength was measured at 31.452 MPa in Finite 

Element Analysis (FEA) and 29.553 MPa in experimental 

tests. However, further increases in wood powder content led 

to a decrease in tensile strength. This trend indicates that while 

a moderate amount of wood powder can enhance mechanical 

properties, excessive filler content may result in diminished 

performance due to poor dispersion and weak interfacial 

bonding. The study evaluated how different filler types and 

concentrations influence polypropylene-based composites' 

thermal and mechanical properties. By comparing the effects 

of wood powder alone with those of wood powder combined 

with glass powder, the research aimed to determine the 

optimal filler concentrations for improving material 

performance while maintaining thermal stability. The findings 

offer crucial insights for designing polypropylene composites 

with tailored properties. Understanding the optimal filler 

concentration for maximizing tensile strength is essential for 

applications where high mechanical performance is required. 

The study highlights that while wood powder alone has 

limitations, the addition of glass powder can significantly 

enhance the mechanical properties of the composite. The 

consistent melting points across all composites suggest that 

the thermal stability of polypropylene is maintained regardless 

of the filler type and concentration. This information is 

important for applications where it is critical to preserve 

thermal stability. The results provide practical guidance for 

selecting and combining fillers to achieve specific 

performance goals. For example, hybrid composites with 

higher filler percentages may be more suitable for applications 

demanding enhanced tensile strength while retaining a similar 

thermal profile to pure polypropylene. The study also points 

to potential areas for further investigation, such as exploring 

the long-term durability of these composites under various 

environmental conditions and examining the impact of 

different fillers on other mechanical properties. 

4.1. Future Research Directions 

4.1.1. Exploration of Other Natural Fillers 

Future studies could explore the potential of other agricultural 

wastes, such as rice husks, coconut shells, or bamboo fibers, 

to enhance composite properties further while promoting 

sustainability. 

4.1.2. Processing Parameter Optimization 

Investigating the effects of advanced injection molding 

techniques, such as microcellular foaming or hybrid molding, 

could improve filler dispersion and reduce defects. Studying 

different cooling rates and their impact on crystallinity might 

also lead to better thermal performance. 

4.1.3. Interfacial Bonding Strategies 

Enhancing filler-matrix adhesion remains a critical area 

of research. Techniques such as surface treatments (e.g., silane 

or maleic anhydride coupling agents) and plasma treatments 

could be studied to improve interfacial bonding between 

polypropylene and fillers. 

4.1.4. Mechanical and Thermal Property Enhancements 

Researching multi-filler systems that combine natural, 

synthetic, and nanoscale fillers may lead to composites with 

superior properties. For instance, incorporating nanoclay 

alongside wood powder and glass powder could improve 

thermal conductivity and barrier properties. 

4.1.5. Durability Under Real-World Conditions 

Long-term studies evaluating the effects of environmental 

factors such as humidity, UV exposure, and temperature 

fluctuations on the composites' performance would provide 

insights into their reliability for outdoor applications. 
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