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Abstract

     Polyurethane’s versatility is limited by its weak flexural strength. This study explores meth-
ods to address this limitation. Recycled carbon fiber powder (RCFP) was investigated as a re-
inforcing agent. The research found that incorporating recycled carbon fiber particles (RCFP), 
particularly finer particles (100 mesh), significantly enhanced flexural strength and modulus. 
This improvement is attributed to RCFP effectively filling voids in the polyurethane, increasing 
its density and resistance to bending loads. While a higher content strengthens the material, it 
can also lead to excessive stiffness and a decrease in flexural strength. Polyester fabric reinforce-
ment (FR) emerged as another effective method, with five layers increasing flexural strength 
to 2.1 MPa. FR also introduces flexibility, potentially reducing the risk of catastrophic failure 
under impact or bending. Additionally, FR improves the composite’s compressive, shear, and 
tensile strength. The study highlights the importance of optimizing both RCFP size and content 
to achieve the desired mechanical properties. Future research could explore the combined ef-
fects of RCFP and FR for even greater improvements. This research paves the way for the devel-
opment of stronger and more sustainable polyurethane composites using recycled materials.

Keywords: Recycled Carbon Fiber Powder; Fabric Reinforcement; Flexural Properties; Polyure-
thane

Introduction

     Polyurethane is a versatile polymer that has a wide range of applications in various industries [1]. 
From insulation to furniture, polyurethane is used to produce durable and high-performance prod-
ucts. The versatility of polyurethane stems from its unique properties, such as its ease of shaping, 
resistance to wear, and excellent thermal insulation ability. In addition, polyurethane is known for its 
exceptional adhesive properties, allowing it to bond well with different materials such as concrete, 
wood, and metal.
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     However, this polymer has a weakness in terms of its mechanical strength. Seydibeyoğlu, Misra [2] showed that the flexural strength 
of polyurethane is only 3.03 MPa. Another study by Ganjar (2024) indicated that polyurethane has a flexural strength of up to 0.95 MPa 
So various efforts are needed to improve the flexural strength of polyurethane so that it can be used in applications without consider-
ing its weaknesses. Various studies have been conducted in the literature to improve the mechanical strength of polyurethane Adding 
reinforcing powders has been used to enhance the mechanical strength of polyurethane [3, 4]. The addition of 10% glass powder has 
proven to increase the hardness of polymer composites [5]. In addition, adding aluminum powder has been shown to increase the me-
chanical strength of polyurethane [6]. Li, Guo [7] also addressed the weakness in mechanical strength by incorporating carbon powder 
into urethanes which has proven effective at increasing their maximum strength [7, 8].

    Carbon powder, such as graphite or black carbon, has good mechanical properties and conductivity. Currently, carbon powder is 
widely used in pyrolysis production [9]. The use of carbon powder as a composite material is also becoming more popular as a rein-
forcement. However, the use of carbon powder as a reinforcement requires high cost. This restricts its usage. In addition, the use of 
carbon powder as reinforcement does not support environmental sustainability. Therefore, using recycled carbon fiber powder from 
the milling process of carbon fiber composites is a solution for utilizing carbon powder as polyurethane reinforcement. In this article, 
polyurethane is reinforced with recycled carbon fiber powder to strengthen PU [10]. This issue emphasizes environmental awareness 
to encourage RCFP utilization in reinforcing polyurethane materials [11]. Besides environmental factors, the use of RCFP is considered 
cost-effective making it suitable for large-scale applications. However, various factors impact other characteristics when using pow-
ders on polyurethanes. Powder size and content have significant influence on its characteristics. In some cases, the use of reinforcing 
powder added to polyurethane does not increase the mechanical strength significantly. Marhoon [12] who used carbon black powder 
only increased the flexural strength to 0.93 MPa. In addition, the use of Carbon Nano Tube (CNT) increases the tensile strength of 
polyurethane to 1.42 MPa. 

     Therefore, it is necessary to add reinforcement to increase the flexural strength of polyurethane. Polyurethane that undergoes bend-
ing loads will break because it lacks support to withstand the load. Therefore, additional strategies are required to enhance flexural 
strength by structural strengthening to ensure more uniform and efficient load distribution. This research will add reinforcing fabric 
(FR) to polyurethane to increase its ability to withstand the load it receives. The reinforcing fabric provides additional structural sup-
port through interlocking mechanisms and matrix reinforcement, effectively increasing resistance to bending deformation. This com-
bination of carbon powder and reinforcing fabric not only enhances the mechanical properties of polyurethane but also creates new 
possibilities for using composite materials in infrastructure and construction projects that demand high resistance to dynamic and 
static loads. The use of reinforcing fabric can also provide flexibility in adjusting the mechanical properties of the composite according 
to the requirements of specific applications. Polyester fabric is chosen for its increased resistance to corrosion and environmental fac-
tors. This research aims to observe load propagation in polyurethane reinforced with recycled carbon powder and reinforcing fabric.

Materials and Methods 
Materials

    Apparatus Recycled Carbon Fiber Powder (RCFP) is powder from recycled carbon fiber that has gone through a mechanical pol-
lination process. RCFP is obtained through a carbon fiber composite grinding process. The grinding results are sifted and separated 
based on powder size. Sieving using 20 Mesh, 60 Mesh and 100 Mesh sieves. Polyurethane material is processed with the components 
Polyurethane A/Millionate MR-200 (polyisocyanate) and Polyurethane B/JKR-7631L (polyether). These components are printed in a 
1:1 ratio. Fabric Reinforcement (FR) is a fabric with holes with a size of 20 mesh. The fabric is made of Polyester with a density of 0.03 
g/cm2 and a tensile strength of 82 N. The thickness of the fabric is 0.9 mm and is resistant up to 70oC. All material components are 
molded and produce polyurethane material as shown in Figure 1. The amount of each component PU, RCFP, FR, and powder size are 
described in table 1.
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Materials Polyurethane (%) RCFP (%) Particle Size (Mesh) Fabric Reinforcement
1 100 0 0 0
2 96 4 100 0
3 92 8 100 0
4 88 12 100 0
5 88 12 20 0
6 88 12 60 0
7 88 12 100 0
8 88 12 100 1
9 88 12 100 2

10 88 12 100 3
11 88 12 100 4
12 88 12 100 5

Table 1: Material Manufacturing Parameters.

Figure 1: Material of Polyurethane with RCFP and FR.

Manufacture Process

     Mold of polyurethane material is carried out using the closed mold method [13]. This printing method makes it possible to increase 
the density of the material. Polyurethane molds use a closed method. The molding process utilizes variations in particle size, particle 
content, and the incorporation of reinforcing fabric. The polyurethane manufacturing process is illustrated in Figure 2. The first mold 
is printing Polyurethane A/Millionate MR-200 (polyisocyanate) and Polyurethane B/JKR-7631L (polyether). The second mold added 
RCFP to the polyurethane mold with volume fractions of 4%, 8%, and 12%. Then, the third step involves adding RCFP with different 
powder sizes of 20 mesh, 60 mesh, and 100 mesh. The final step is adding fabric reinforcement as polyurethane reinforcement. FR 
reinforcement is applied to polyurethane in 1, 2, 3, 4, and 5 layers.

https://clareus.org/csse
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Particle Size of RCFP
20 Mesh 60 Mesh 100 Mesh

1 mm - 0,84 mm 0,85 mm - 0,25 mm 0,26 mm - 0,15 mm
Table 2. Particle Size of RCFP.

Figure 2: Material Manufacturing Procces.

Material Testing

    Polyurethane density is measured according to ASTM D792. Measurements were taken using samples that measured 10 x 10 x 10 
mm (length x width x thickness), with a total of 10 pieces in each print. Samples were cut from PU foam after being humidity condi-
tioned at 23°C and 50% RH for 24 hours. Density is calculated using: 

     where m represents the measured mass (g) of each specimen and V represents the volume (cm3) obtained by multiplying the length, 
width, and thickness of the specimen. 

     Flexural testing utilizes a Universal Testing Machine (UTM) with a capacity of 1000 kg. The test follows the ASTM D790 testing stan-
dard. The test results calculated the flexural strength and flexural modulus of the specimen. Calculations using the formula: 

     where: σa: flexural strength (MPa); E: Flexural Modulus (MPa); P: load (N); L: span length (mm); b: width (mm); d: thickness (mm); 
m: deflection slope (N.mm).

Results and Discussion 
Density of Polyurethane

     The results of the density test indicated that there was an impact on the variation in the size of the RCFP. Figure 3 (a) shows the den-
sity results obtained from the variation in RCFP sizes. Based on the graph, it can be observed that a decrease in the size of the carbon 
powder leads to an increase in the density of polyurethane. RCFP with a 100 mesh size exhibits a high density of 0.075 g/cm3. These 
results increased from polyurethane without the addition of RCFP, which only reached 0.058 g/cm³. This shows that carbon powder 
with a small particle size can fill the empty spaces in the voids of polyurethane. The establishment of this RCFP fills gaps in PU and 
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will enhance the material’s density, thereby increasing its overall compactness. RCFP with a larger size will find it difficult to fill the 
small voids, resulting in several empty spaces that cannot be filled by RCFP. The smaller size of the RCFP will fill the smaller PU voids, 
ensuring that almost all of the voids will be covered by RCFP. This will increase the density of the polyurethane material.

Figure 3: Density of Polyurethane (a) Based of Size RCFP; (b) Based of RCFP Content.

    The carbon powder content in polyurethane affects the material’s density. Figure 3 (b) shows a graph illustrating the results of den-
sity testing on polyurethane incorporated into RCFP. Based on the test results, it is shown that the addition of carbon powder increases 
the density of the material. The mass fraction of 12% has the highest density value of 0.083 g/cm3, which is significantly higher than 
that of polyurethane (PU) without additional reinforcement, which is only 0.058 g/cm3. This is because the increasing number of 
RCFPs will fill the voids in the material. The higher the number of RCFPs added, the more voids will be filled. When the void material is 
filled with carbon powder, it increases the density of the material, leading to an overall increase in the density of polyurethane.

Effect of Particle Size Recycled Carbon Fiber Powder

     In the polyurethane bending test, it was observed that the flexural strength was highest for the 100 mesh size of the RCFP. Figure 4 
(a) shows the results of the flexural strength test of the polyurethane (PU) with the addition of recycled carbon fiber powder (RCFP). 
In polyurethane, without the addition of RCFP, the flexural strength only reached 1.0 MPa. This shows that reducing the size of the 
RCFP increases the flexural strength of polyurethane. This relates to the results of the density test shown in Figure 3. RCFP 100 mesh 
has a small grain size, which enables it to effectively fill voids in PU, leading to an increase in density. This resulted in an increase in the 
resistance of polyurethane (PU) to bending loads. This result is also observed in the flexural modulus results of the material, as shown 
in Figure 4 (b).

    The RCFP material with a 100 mesh has the highest flexural modulus. The bending modulus of the material with 100 mesh RCFP 
content reached 4.93 MPa. This result increased compared to the result of polyurethane (PU) without recycled carbon fiber reinforced 
polymer (RCFP) content, which was 4.03 MPa. The bending modulus tends to decrease at a 20-mesh RCFP size and then increase at 
a smaller size [14]. This suggests that the size of the recycled carbon fiber powder plays a significant role in determining the flexural 
strength and modulus of the polyurethane composite. The incorporation of recycled carbon fiber powder with a smaller size, such as 
100 mesh, enhances the flexural strength and modulus of the polyurethane composite. This suggests a beneficial impact of integrating 
recycled carbon fiber powder on the mechanical properties of polyurethane.

https://clareus.org/csse
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Figure 4: (a) Flexural Strength of Polyurethane Based of Size RCFP Content; (b) Flexural 
Modulus of Polyurethane Based of Size RCFP Content.

Effect of Particle Content Recycled Carbon Fiber Powder

     The results of the flexural testing of the PU material with RCFP mass fraction are presented in Figure 5. The flexural strength of the 
PU/RCFP material is presented in Figure 5 (a), which shows that the PU material without the addition of RCFP reaches 1 MPa. On the 
addition of RCFP, the strength of the material decreased to its highest content, which was 12%. The strength of the 12% RCFP content 
decreased by more than 50%. This is because the increasing number of RCFPs in PU causes more and more voids to be filled by RCFPs. 
RCFP, which spreads over the entire material, is able to fill more PU gaps. This increases the stiffness of the material. RCFP, which is 
granular, will compact and have no bending strength. Therefore, polyurethane (PU) materials with a high RCFP experience a higher 
failure rate due to material stiffening [15]. This can be seen from Figure 5 (b), which shows the bending modulus of the material. The 
graph shows that the RCFP content of 12% has a high flexural modulus value. In contrast to the low RCFP content, the flexural modulus 
tends to have a smaller value.

Figure 5: (a) Flexural Strength of Polyurethane Based of RCFP Content; (b) Flexural 
Modulus of Polyurethane Based of RCFP Content.
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     The results of the flexural testing indicate that incorporating a smaller size of recycled carbon fiber powder, such as 100 mesh, into 
polyurethane increases the flexural strength and modulus of the material, while higher RCFP content can lead to decreased flexural 
strength due to increased stiffness. These findings suggest that the addition of recycled carbon fiber powder can significantly impact 
the flexural strength and modulus of polyurethane composites. Furthermore, the study also highlights the importance of considering 
the size and content of the recycled carbon fiber powder when incorporating it into polyurethane. Therefore, it is crucial to carefully 
determine the appropriate size and content of recycled carbon fiber powder to optimize the desired mechanical properties of polyure-
thane composites while avoiding an excessive decrease in flexural strength caused by increased stiffness.

Effect of Fabric Reinforcement

     The mechanical performance of polyurethane composites reinforced with FR is influenced by several factors, including the type and 
concentration of FR, the arrangement of reinforcement layers, and the properties of the polyurethane matrix. Polyurethane reinforced 
with FR was tested using various quantities of FR. The flexural load caused the emergence of compressive, shear, tensile strength, and 
shear loads. The test results of polyurethane with reinforcing fabric are presented in Figure 6. Test results showed that the addition 
of polyester FR reinforcement increased the flexural strength, reaching 2.1 MPa for 5 layers of FR. However, the flexural modulus de-
creased as more layers of FR were added, leading to increased flexibility in the polyurethane core. This finding indicates that using FR 
can enhance material durability compared to other reinforcing materials, such as cellulose nanofibrils. Furthermore, incorporating 
FR into polyurethane composites facilitates stress transfer from layer to layer, leading to enhanced flexural strength and ultimately 
improving composite structural integrity of the composite. The test results mentioned earlier indicate that incorporating polyester 
FR reinforcement enhances flexural strength by improving load-bearing capacity. On the other hand, an increase in flexibility within 
the polyurethane core leads to a decrease in flexural modulus when more layers of FR are added. This reduced modulus, increased 
flexibility can provide resilience to the material and decrease its vulnerability to catastrophic failure when subjected to bending or 
impact loads.

Figure 6: (a) Flexural Strength of Polyurethane Based of Fabric Reinforcements; 
(b) Flexural Modulus of Polyurethane Based of Fabric Reinforcements.

   In addition to improvements in flexural properties, FR-reinforced polyurethane composites also exhibit enhanced compressive, 
shear, and tensile strength compared to unreinforced polyurethanes. This enhancement is attributed to effective stress transfer facili-
tated by the FR layers which distribute and dissipate loads more uniformly throughout the composite structure. Furthermore, the in-
corporation of FR enhances resistance against fatigue, wear, and environmental degradation thereby prolonging service life especially 
under demanding operating conditions.
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Conclusion

     This research aims to enhance the flexural strength of polyurethane, a versatile polymer with a wide range of applications but lim-
ited mechanical strength. Two main methods were studied: the addition of recycled carbon fiber powder (RCFP) and reinforcement 
with polyester fabric (FR). The addition of RCFP, especially with finer particles (100 mesh), was shown to significantly increase flexural 
strength and modulus. High content can increase the stiffness of the material but can also reduce the flexural strength. Reinforcement 
with fiber reinforcement has also proven effective in increasing the flexural strength of polyurethane. With 5 layers of fiber reinforce-
ment (FR), the flexural strength can reach 2.1 MPa. FR also enhances the flexibility of the material, thereby reducing the risk of failure 
caused by impact or bending. Furthermore, fiber reinforcement increases the compressive, shear, and tensile strength of composites. 
This research demonstrates that RCFP and FR are effective methods for enhancing the flexural strength of polyurethane. This research 
shows that RCFP and FR are effective methods to increase the flexural strength of polyurethane.
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