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ABSTRACT 

The focus of this work is to make a significant contribution to solid waste management by designing 

impact-absorbing bio-composite panels using bio-resin and denim wastes. In this context, composite 

panels are produced by vacuum infusion technique using both epoxy and acrylated epoxidized 

soybean oil (AESO) based hybrid resins while denim wastes are utilized as reinforcement materials in 

fiber and fabric forms. Both physical (fiber density and fiber weight ratio) and mechanical analyses 

(drop-weight impact resistance and dynamic mechanical analysis (DMA)) of the composites are 

performed. The outcomes of the study prove that the increase in the AESO ratio of the resin system 

improves the ductility of the composite and consequently the impact resistance. On the other hand, 

dynamic mechanical analysis results indicate that the AESO plug-in reduces the storage module and 

increases the damping factor. 
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1. INTRODUCTION 
 

The textile industry is a significant threat to the 

environment, especially due to the processing of raw 

materials, fabric preparation and finishing processes, as 

well as post-consumer waste, and it accounts for 5% of the 

world's pollutants [1]. It is estimated that the waste volume, 

which was only 92 million tons of global fashion waste in 

2015, will increase to 148 million tons in 2030. In addition, 

a much larger amount is encountered when upholstery, 

bedding, mattresses, packaging, rugs and carpets and 

automotive interiors are added to this volume [2]. However, 

it is a fact that only 15% of the textile wastes is recycled 

and the rest is buried in landfills [3-4]. This situation 

encourages the search for alternative products that can turn 

this risky waste group into an advantage as a raw material, 

and bio-composites have an important share at this point.  

Bio-composites generally consist of petroleum-based 

matrix and natural reinforcement materials [5]. Bio-

composites containing natural fibers have become 

increasingly important considering the difficulties in plastic 

disposal and the overuse of petroleum resources [6]. The 

use of recycled natural fiber reinforcement takes this issue 

one step further. For instance, denim fabrics are particularly 

harmful to the environment in both pre-consumer and post-

consumer stages, and unfortunately, most of the denim 

waste cannot be recycled. For this reason, non-recyclable 

denims, which have strong and stiff structure, can be used 

in composite constructions to minimize environmental 

impact [7-8]. There are many other bio-composite studies 

of petroleum-based matrix reinforced with different 

recycled natural fibers in the literature [9-11]. 

On the other hand, when petroleum-based polymers are 

used with natural reinforcement in a composite structure, 
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this composite cannot be said to be completely “bio” since 

the resins have serious environmental impacts besides their 

benefits such as availability and low cost [12-13]. Thus, 

considering the sustainability and environmental concerns, 

matrix materials as well as reinforcement materials used 

during composite production becomes crucial. This leads to 

the emergence of the term “green composites”. Green 

composites can be defined as composite structures in which 

both the reinforcement and matrix materials are obtained 

from renewable resources [14].  

Although petroleum-based epoxy resin is widely preferred 

in composite materials due to its low cost, ease of use and 

high mechanical properties, uncertainties about petroleum 

resources, prices and environmental effects necessitate 

reducing the use of epoxy and replacing it with biomaterials 

[15]. The most common bio-resins used in green 

composites are vegetable oils such as soybean oil, castor 

oil, palm oil, linseed oil, and sunflower oil [16]. Among 

them, acrylated epoxized soybean oil (AESO) which is 

produced by the epoxidation and acrylization of soybean 

oil, is commercially available choice and it has benefits 

such as non-volatile and non-toxic structure. However due 

to its high viscosity at room temperature and low 

crosslinking capacity, it is mostly used in hybrid resin 

systems [17-18].  

In the literature, many studies are conducted with 

composite production including AESO resin and natural 

fiber reinforcements. In a study conducted by Temmink et 

al. (2018), it was seen that composites reinforced with four-

plied denim fabric, containing bio-epoxy and AESO have 

very acceptable tensile strength (approximately 50 MPa for 

bio-epoxy and 20 MPa for AESO) and impact resistance 

(approximately 25 kJ/m2 for bio-epoxy and 30 kJ/m2 for 

AESO) values in comparison to polyester resin systems that 

serve alternatives for application areas such as automotive 

interior parts, furniture, interior construction, and leisure 

equipment [19]. In a similar way, a research on hybrid bio-

based composites developed by vacuum infusion technique 

with reinforcement of woven jute fabric and AESO/epoxy 

blended matrix was implemented by Ozkur et al (2020). 

Results indicated that the ascending AESO ratio increased 

the impact resistance of the material, but when the AESO 

ratio was more than 30 wt. %, the tensile strength of the 

material decreased, thus 30-50 wt. % AESO was stated as 

optimum hybridization ratio with epoxy [5]. The enhanced 

plasticity with the addition of AESO to the epoxy resin 

reinforced with natural fiber composites are also studied by 

Bakar et al [15] and Kocaman and Ahmetli [20]. 

On the other hand, it is not possible to see studies on 

recycled natural based textile wastes with AESO in the 

literature. In this context, in this study, bio-composite 

structures with improved impact resistance are produced by 

reinforcing epoxy resin and AESO with waste denim 

structures in both fabric and fiber web form. Eight different 

designs are produced via vacuum infusion method by 

changing the resin type and/or reinforcement form 

(fiber/fabric). The drop-weight impact resistance and 

thermo-mechanical properties of the composite samples are 

evaluated. 

2. MATERIAL AND METHOD 

2.1 Materials 

Waste denim fabrics utilized in this study are supplied from 

Calik Denim (Table 1) and used as reinforcement materials 

in either fabric or fiber web form. Epoxy (F-1564, 

FIBERMAK) and AESO (Sigma Aldrich) are used as 

matrix materials while a hardener (F-3486, FIBERMAK) is 

added to the resin system to initiate the curing process. The 

properties of the matrix components are listed in Table 2. 

2.2 Method 

 

Preparation of reinforcement materials 

 

The waste denim fabrics are shredded two times by rag 

pulling machine (Balkan Makina, Turkey) for the 

preparation of fiber webs, and then transferred to the 

carding machine to obtain smooth surfaces at homogeneous 

web density. These fiber webs are used either alone or in 

combination with fabric forms to form sandwich structures. 

The preparation steps of the reinforcement materials are 

seen in Figure 1. 
 

 

 

Table 1. Physical properties of denim fabric 
 

Warp yarn type  / yarn count ring spun / Ne 9 

Weft yarn type / yarn count core spun / Ne 10 

Fiber type 98% cotton 2% elastane 

Weave type 3/1 Twill (Z) 

Areal density  (g/m2) 289.5  6.36 

Count of cloth (ends/cm*picks/cm) 32*20 

 
Table 2. The properties of matrix components 

 

 Epoxy AESO Hardener 

Viscosity (25°C) (cps) 1200-1400 18000-32000 10-20 

Density (25°C) (g/cm³) 1.15 1.40 1.00  
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Figure 1. Preparation steps of reinforcement materials 

Composite Panel Production 

The composites are produced by the vacuum infusion 

technique (Figure 2). With this method, the resin is 

distributed homogeneously to reinforcement material and 

the excess resin in the composite is vacuumed [21]. 

Eight different composite samples are produced by varying 

reinforcement forms and resin systems. Also, the layers of 

the panels are created by keeping the weights constant. In 

structures consisting of different layers, the fabric and the 

fiber layer have the same weight. The details of the 
composite designs with sample codes are listed in Table 3.  

 

For physical and mechanical analysis, test samples are cut 

by CNC milling machine according to the related standards. 

Physical Analysis  

Average thicknesses, densities and fiber weight ratios of 

composite samples are calculated based on the measured 

weights and dimensions, also results are given with 

standard deviations (SD). 

Mechanical Analysis 

Drop-weight Impact Resistance  

The drop-weight impact resistance analysis is performed 

via an impact tester (Besmak) with 16 mm diameter striker 

according to the ASTM D7136 standard. 59*88mm cut 

composite samples are subjected to 12 Joule impact energy 

with a standard hemispherical head. Maximum load, 

absorbed energy and maximum displacement are measured 

for five samples from each sample group and average 

results are given with standard deviations. 

 

 
Figure 2. Vacuum infusion set-up. 

 
 

Table 3. Composite designs 
 

Sample Codes Reinforcement Type 
Resin Weight Ratio 

(Epoxy:AESO) 

Hardener Weight Ratio 

(%) 

DD-30 Two layers of denim fabric (70:30) 33 

DDD-30 Three layers of denim fabric (70:30) 
 

33 

DFD-30 
Fiber web between two layers 

of denim fabric 
(70:30) 

 

33 

FFF-30 Three layers of fiber web (70:30) 
 

33 

 

DD-0 
Two layers of denim fabric (100:0) 

 

33 

DDD-0 Three layers of denim fabric (100:0) 33 

DFD-0 
Fiber web between two layers 

of denim fabric 
(100:0) 33 

FFF-0 Three layers of fiber web (100:0) 33 
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Dynamic Mechanical Analysis  

Dynamic mechanical analysis (DMA) is performed on a 

DMA testing apparatus (Mettler Toledo, SDTA861) in 

three-point bending mode by using rectangular samples 

(10*50mm) in conformity with ASTM D7028 test standard. 

Experiments are carried out in the temperature range of 20 

°C to 100 °C with heating rate of 3°C/min with a constant 

frequency of 10 Hz. 

 

3. RESULTS AND DISCUSSION 

3.1 Physical Analysis 

The average thicknesses, densities and fiber weight ratios 

are listed in Table 4. 

It is observed that the average densities of composites 

containing different resin systems are very similar to each 

other, and the differences are observed between samples 

produced with different reinforcement forms such as fabric 

or fiber webs. For example, DD and DDD samples have 

almost the same densities with similar fiber weight ratios. 

Despite the increase in the number of fabric layers, similar 

values between DD and DDD show that the resins display a 

homogeneous distribution throughout the fabric and the 

amount of absorbed resin increases at the same rate due to 

the increasing number of layers, thus the sample thickness. 

This can be explained by the advantages of the vacuum 

infusion technique, which allows production under constant 

pressure [22]. 

On the other hand, regardless of resin type, the samples 

containing fiber web layers (DFD and FFF) have higher 

densities (1.02-1.03 and 0.95-0.96 g/cm3, respectively) with 

lower fiber weight ratios (32-35 and 32%, respectively). 

This can be clarified by the higher resin absorption due to 

the loose nature of the fibrous layers compared to denim 

fabrics, thus allowing the higher amount of resin trapped. In 

tight structures compared to loose ones, the matrix is more 

constrained and this leads to various mechanical behavior 

differences [23]. FFF samples in both resin groups are the 

thickest samples manufactured under same pressure due to 

its fluffy fibrous content that results in higher resin 

absorption levels.  

3.2 Drop-weight Resistance 

The reinforcement material is very effective in defining the 

final impact properties of composites [24-27]. For this 

reason, as can be seen in Table 5, as the layers of 

reinforcement material in the composite structure change, 

the impact resistance values of the structure differ. DDD 

has higher maximum load, absorbed energy, and maximum 

displacement values than DD as a result of the addition of 

one more fabric layer. Studies in the literature also support 

that the increment in the number of fabric layers used as 

reinforcement material increases the impact resistance [28]. 

In particular, the impact energies absorbed by DDD 

samples are more than twice of the impact energies 

absorbed by DD samples. 

 

 
 
 
 

Table 4. Average thicknesses, densities and fiber weight ratios of the composites 

Sample Codes Avg. Thickness ± SD (mm) Avg. Density ± SD (g/cm3) Avg. Fiber Weight Ratio ± SD 

DD-30 1.89±0.05 0.92±0.03 0.45±0.01 

DDD-30 2.73±0.22 0.91±0.07 0.47±0.00 

DFD-30 2.22±0.12 1.03±0.02 0.32±0.01 

FFF-30 3.52±0.19 0.95±0.09 0.35±0.01 

DD-0 1.85±0.41 0.98±0.18 0.45±0.02 

DDD-0 2.79±0.21 0.97±0.26 0.44±0.07 

DFD-0 3.49±0.24 1.02±1.02 0.32±0.02 

FFF-0 3.79±0.52 0.96±0.08 0.32±0.03 

 

 

Table 5. Drop-weight impact resistance test results 

Sample Codes Max Load ± SD (kN) Absorbed Energy ± SD (J) Max Displacement ± SD (mm) 

DD-30 0.84±0.06 3.48±0.33 10.10±0.02 

DDD-30 1.35±0.10 8.77±0.52 13.40±0.17 

DFD-30 1.67±0.05 9.03±0.46 9.88±0.44 

FFF-30 1.43±0.11 7.36±0.67 9.42±0.92 

DD-0 0.83±0.04 3.50±0.13 11.10±0.17 

DDD-0 1.22±0.09 7.31±0.39 13.40±0.52 

DFD-0 2.15±0.14 7.95±0.60 7.41±0.65 

FFF-0 1.63±0.18 5.20±0.61 6.11±0.55 
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When the FFF and DFD samples that have similar fiber 

weight ratios are compared with each other, it is seen that 

the values of maximum load, absorbed energy and 

maximum displacement are higher for DFD. It is believed 

that the use of fabric in both the lower and upper layers 

creates a layer resistant to the falling object, while the 

fibrous layer acts as an impact-absorbing layer. In 

sandwich-type composite structures, the core layer provides 

time and space for high energy absorption when it exposed 

to an impact loading [29]. In addition, sandwich structures 

with stiff surface layers and less rigid core structure exhibit 

improved properties under mechanical loads [30]. When 

DDD and DFD samples are compared, it can be said that 

increased impact resistance is obtained by using a fibrous 

layer in the middle instead of the fabric layer. This can be 

explained by the high contribution of the fibrous surface in 

the middle layer to the absorption of impact energy, as 

explained above. 

Comparing resin systems with each other; by adding 30% 

AESO to the epoxy resin, it has been observed that the 

absorbed impact energy and maximum displacement are 

improved in almost all samples. Also, the damage patterns 

on the composite panels can be seen in Figure 3. As can be 

seen from the images, while very sharp fractures occur in 

epoxy-based composites, the fractures in samples with 

AESO added are much softer. In addition, the fact that 

AESO additive increases the impact resistance is a situation 

supported by the literature [5]. 

On the other hand, the maximum load values of the FFF-30 

and DFD-30 samples for the AESO resin system (1.43 and 

1.67 kN, respectively) are lower than the same sample 

groups for pure epoxy resin systems (for FFF-0 and DFD-0; 

1.63 and 2.15 kN, respectively). The fiber weight ratios of 

these samples are relatively lower than that of DDD and 

DD samples, which means there is more resin in the 

composite structure. While epoxy resin is preferred for its 

superior tensile properties in composites, AESO resin is 

used due to its toughness [31]. For this reason, the increase 

in the AESO ratio in the increasing resin amount is 

expected to cause a decrease in the maximum load value. 

3.3 Dynamic Mechanical Analysis 

Storage Modulus 

The storage modulus is an indicator of how much energy 

the material absorbs and its viscoelastic rigidity [21]. In all 

sample groups, the storage modulus curves decreases with 

increasing temperature as seen in Figure 4. At low 

temperatures, the molecules of the materials are more stable 

and have a tighter arrangement. However, when the 

temperature increases from the glassy state to the rubbery 

state, the mobility of the material improves and its ductile 

properties increases [32-33]. Figure 4 also shows that 

AESO-doped structures store less energy in their glassy 

state compared to epoxy matrix composites and pass 

through to the rubbery state at relatively lower temperatures 

due to the lower glass transition temperature (Tg) of AESO 

resin compared to that of epoxy resin. 

 

 

Figure 3. Damage patterns resulting from drop-weight impact test.  
 

 

Figure 4. Storage modulus curves of the samples 
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Dynamic-mechanical measurements of the FFF-30 

composite structure could not be performed due to the 

dimensional limits (up to 5mm in sample thickness is 

allowed) of the device. Fully fiber reinforced epoxy matrix 
composite structure (FFF-0) is found to have a lower 

storage modulus compared to DDD-0 and DFD-0, and this 

is consistent with drop-weight impact resistance test results. 

The reason for this behavior, which causes the lower 

modulus of FFF-0, is the less stiff structure of the fibers in 

the composite panel and the weaker interaction between the 

reinforcement and the matrix. Increased interaction between 

reinforcement and resin decreases the mobility of molecular 

chains at the interface, improving the composite's rigidity 

and storage modulus [31]. On the other hand, when 

examining fabric composite structures with both AESO and 

epoxy matrix, it is seen that two-layer panels (DD-0 and 
DD-30) have less storage module compared to three-layer 

panels. 

Damping Factor (Tan delta) 

Tan delta represents the damping characteristic of the 

structures with viscous or elastic phases and is affected by 

the matrix-reinforcement interface interaction [34]. Low 

damping value indicates that reinforcement and matrix 

materials in composite structures adhere well to each other, 

while materials with high tan delta value tend to dissipate 

more energy [32]. In composite panels with epoxy matrix, it 

is observed that the adhesiveness between matrix and 
reinforcement is better with the lower level of the tan delta 

peak (Figure 5). On the other hand, this value varies 

depending on both the type of resin and its ratio in the 

composite structure. The damping factor peaks point out to 

the Tg value of the material. After this temperature, the 

immobility of the structure decreases and the panel begins 

to turn into a rubbery form. While the Tg values of epoxy 

based composites are around 45°C, it is seen that the Tg 

values of AESO/epoxy based composites are around 30°C. 

Considering that the Tg value of AESO resin is around -

20°C [35], the decrease in Tg obtained with the addition of 

AESO is an expected result. The outcomes of the study 
conducted by Niedermann (2014) also support that the 

addition of soybean oil resin to aromatic epoxy resins result 

in a decreased Tg value [36].   

As seen in Figure 5, the Tg value decreases with the 

addition of AESO to the structure. However, these 

structures had wider peaks, indicating a mixture of 

heterogeneous structures providing a wider temperature 

range to initiate viscous chain motions [31]. 

 
 

4. CONCLUSION 

It is thought that this study, which is carried out using waste 

denim fabrics and bio-resins, will contribute to the solid 

waste management by serving a greener alternative to 

traditional composite industry. In the scope of the study, by 

using different combinations of matrix and reinforcement 

materials; physical, mechanical and thermo-mechanical 

properties of the composite samples are investigated. The 

main results obtained remark that the panels with fiber 

reinforcement in their structure (FFF-0, FFF-30, DFD-0, 

and DFD-30) have higher densities with lower fiber weight 

ratios due to the loose nature of the fibrous structures that 

allows more resin absorption. In addition, the composites 

produced with an epoxy:AESO hybrid resin system have 

higher ductility due to the content of bio-resin and 

consequently the impact resistance of the composite 

material increases. On the other hand, regardless of the 

resin type, the drop-weight impact test results show that 

three-layer fabric (DDD) and fabric/fiber (DFD) reinforced 

panels absorb more energy than remaining samples. From 

the point of dynamic mechanical analysis, the effect of the 

matrix material is clearly observed. Due to the nature of 

AESO, the Tg value in AESO doped composites is quite 

lower compared to the other samples. It is also found that 

DDD-0 and DFD-0 panels with epoxy matrices have the 

highest storage moduli and relatively low tan delta values.  

 
 

Figure 5. Tan delta curves of the samples 
 

When the results obtained are evaluated holistically, 

especially AESO-doped fiber/fabric sandwich structured 

(DFD-30) samples can be used as shock absorbing panels in 

various end use areas such as construction and automotive, 

thanks to their improved impact resistance properties. In 

addition, it can make a significant contribution to solid 

waste management thanks to the utilization of denim wastes 

and its bio-resin content. 
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