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Abstract: In this study, the Polyamide-12 (PA-12) powdered material in the Selective Laser Sintering (SLS) process has been incorporated as the filler in the composite material to enhance its properties. The PA-12 powder has been made into a form of filament and is primarily used in the Fused Deposition Modelling (FDM) process. The PA-12 has been used with epoxy resin and glass fiber with different proportions. The characterization of materials, including the validation of the presence of PA-12 filler with epoxy, has been evidenced using Fourier Transform Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC), and Thermogravimetric Analysis (TGA) identification methods. The mechanical characteristics of the 3 wt% PA-12 filled composite material showed increased tensile stress compared to other unfilled and 1 wt% filled materials. The contact angle of the 1 wt% PA-12 filler showed good agreement with improving the hydrophobic characteristics of the composite material. The rate of burning in the Horizontal position showed good results for the overall materials with self-extinguishing behavior. The morphological results of the glass fiber with epoxy and PA-12 filler showed better interference resulting in enhancing the mechanical characteristics than that of without fillers.
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1  Introduction

The continual advancements in specially blended additive manufacturing materials have expanded their applicability across various domains. The method for reusing used SLS PA-12 powder to enhance reusability has been studied to ease the disposal of waste SLS powder in landfills. Used PA-12 powder presents significant environmental concerns due to micro-particle grains, posing environmental hazards and causing global environmental setbacks. Many researchers are focused on sustainable development with used polymeric materials, which are in high demand to address the issue of disposing of used plastic materials in additive manufacturing processes [1]. This study also aims to effectively utilize PA-12 powder while enhancing composite properties. In one research study, Danuta’s investigation revealed notable improvements in mechanical and thermo-mechanical properties, attributed to the incorporation of both powder and fiber fillers into the epoxy matrix [2].

Generally, fillers improve the properties of fiber-reinforced composites, influencing their strength, heat resistance, and friction properties. This highlights the various uses of fillers in engineering, emphasizing their role in improving interfacial adhesion, water resistance, and other desired properties [3]. Sunil et al. investigated the materials used for the SLS technology for various applications. The materials used for SLS vary depending on the end usage applications, especially for biomedical implants and prostheses. The current research focuses on the Polyamide-12 material used in the SLS technology and it has been identified as one of the superior materials compared to other plastic materials due to its high strength, fire retardant, and fatigue characteristics, further, the waste materials also have the similar characteristics and it can be reprocessed for the future applications [4].

Gomes et al. validated the reuse of the SLS PA-12 powder in the same process. Although the characteristics of the material change on every cycle, post-processing methods of the PA-12 powder improvised the output of the SLS printed components [5]. The PA-12 powder was subjected to extremely high temperatures inside the chamber for the printing which caused the material to slightly shift to a new orientation in the molecular weight. The possibility percentage of the used and fresh PA-12 powder in the SLS manufacturing were maintained in the ratio of 67% and 33%, respectively [6,7]. Türk et al. studied how temperature affects PA12 mechanical properties. They found that as temperature increases, PA12 shows lower stress yields, increased elongation, and significant changes in tensile stiffness and strength [8]. The change in the properties such as surface finish, minimal melt flow rate, and shrinkage factors impulses in addition of more fresh powder in each SLS build, which results in better quality of the 3D printed components. The unused powder is not only considered a wastage but a threat to the environment. Feng et al. examined the reusability of the PA-12 powder for Fused Deposition Modeling (FDM). The mechanical properties of the reused PA-12 material showed 85%–95% of the virgin SLS PA-12 powder [9].

The used SLS powder has been utilized as a filament for the Fused Deposition Modeling (FDM) process for printing plastic components. The scope of usage for the PA-12 has been improvised for the improvement of composite materials by using SLS powder as a filler. Kishi et al. evaluated the effects of adding PA-12 particles in epoxy, which improved the fatigue characteristics compared to the pure epoxies [10]. The current study highlights the reuse of the PA-12 powder for improving the mechanical and water absorption characteristics of the GFRP composites. The proportion of mixing the PA-12 material to the epoxy resin with and without the fiber has also been studied.

2  Materials and Methods

Hand-layup process was used for manufacturing the sheet. The 300 mm3 × 300 mm3 × 4 mm3 square cavity plate was manufactured with 4 ejector pins for preparing the specimen as per the specific percentage of PA-12 filler mat with glass fiber and epoxy.

2.1 Preparation of the Fiber Mat

An E-glass fabric of 300 GSM was used as a fiber which was procured from Go Green Composites, Chennai, TamilNadu, India. The mat was procured in the form of roll and the mat has been trimmed with the cutting scissors in to a square mat of 200 mm2 × 200 mm2. The fabric was pretreated up to 110°C at hot air oven for 2 h to remove the moisture. The thickness of the specimen was maintained 3 to 5 mm for the testing, 3 mats of 1.3 mm thickness each with an overall thickness of 3.9 mm were trimmed and prepared for fabrication.

2.2 Preparation of the Matrix with the Reused PA-12 Filler

The epoxy resin has been used as a matrix for composite preparation. The Epoxy resin of grade Araldite LY-556 with the hardener HY-951 were used in the ratio of 1:10 proportion. Initially, the overall volume of the cavity inside the mold has been calculated and accordingly, the resin and the filler, weight of the filler has been taken up to 3 wt% from the overall weight of the resin. The resin is stirred well before the addition of the filler (PA-12). The volume of the mold has been measured as 540 cm3, the required quantity of epoxy has been weighed and stirred continuously using an overhead stirrer, and finally sonicated. The PA-12 filler was added and stirred continuously for 30 min at 60°C and sonicated for one hour to avoid agglomeration of the PA-12 particles to the epoxy resin. The hardener of 1 wt% has been added to the resin. The resin weight has been calculated as 0.396 kg for pure epoxy content and poured over the mold. The poured resin has been allowed to cure for 24 h at room temperature. Similarly, the mat has been prepared with glass fiber and epoxy resin and allowed to cure. After curing the sample has been removed using the ejector pins from the mold. The prepared mat and epoxy sheet have been trimmed using water jet machining for further analyzing the mechanical properties.

2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) spectra were noted using Thermo Fisher Scientific Inc., Waltham, MA, USA model no Nicolet 6700 making the spectrum range of the machine from 500 to 4000 cm−1 with a resolution of 4 cm−1.

2.4 Differential Scanning Calorimeter (DSC)

The Differential Scanning Calorimeter data were drawn using M/s. Perkin Elmer model DSC 4000. The rate of heating and cooling was maintained at 10°C/min under a nitrogen environment. The peaks were examined using the data collected from the machine.

2.5 Thermogravimetric Analysis (TGA)

The Thermo gravimetric Analysis (TGA) was analyzed using the M/s. TA Instruments model number of TGA 55, the test has been carried out at 10°C/min under a nitrogen environment. The test has been used to determine the percentage of volatile content in the material and also thermal degradation.

2.6 Rate of Burning in Horizontal Position

The rate of burning in horizontal burn test has been carried out as per ASTMD 635 for determining the burn rate characteristics of the material. The specimen size of 125 mm × 13 mm × 3 mm was used for determining the flammability characteristics. The test has been carried out using a Bunsen burner flame with a specimen holder. The edge of the samples has been lit using the Bunsen flame and the burning time has been estimated using a stop clock. The rate of the burning has been calculated for the specimens.

2.7 Morphological Observation using Scanning Electron Microscope (SEM)

The Morphological characterization were done using JSM–IT800, JEOL make Tokyo, Japan. The fractured sample were sputtered using gold and the surface topology were determined for the material.

2.8 Contact Angle Analyzer

The contact angle analysis was carried out using contact angle meter Holmarc-HO-IAD-CAM-01B with the sessile drop method. The substrate holder is used for placing the specimen and a drop of water has been dropped over the specimen. LED based diffused lighting mechanism captures the image of the drop for measuring the contact angle.

3  Results and Discussions

The current research highlights the improvement of the mechanical properties of the glass fiber reinforced composites with the used SLS-PA-12 powder. The effect of addition of the used nylon powders to the epoxy resin with and without glass fiber has been analyzed and detailed in the following section.

3.1 Material Characterization

3.1.1 FTIR Analysis

The Fourier Transform Infrared Spectroscopy (FTIR) analysis was carried out to check the chemical structure of the material. The IR of the samples with the PA-12 blend is shown in Fig. 1, stretching vibration of C = O at 1612 cm−1 and N-H bonds were shown in the box with a peak of 3250 to 3300 cm−1. From the graph, the increase in the PA-12 shows a slight bump in the 1 and 3 wt% PA-12 filler [11]. The epoxy resin samples were found in the vibration of 1612 cm−1 of the epoxy ring and 2965 cm−1 due to the presence of the aromatic protons [12]. The FTIR spectrum of the different samples proved the presence of PA-12 and Epoxy. Although the peaks of the epoxy have shown in different samples, the processing was carried out by handlay-up process, The presence of the epoxy with glass fiber shows a reduced peak value, due to the feeble quantity of the resin content.
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Figure 1: Fourier transform infrared spectroscopy (FTIR) spectra of the samples

3.1.2 DSC Analysis

The Differential Scanning Calorimeter (DSC) analysis was carried out for the samples with PA-12 filler. Fig. 2A represents the DSC graph of the samples. The content of PA-12 sample with 3 wt% shows the melting range at 175°C to 189.3°C, but the actual melting temperature of the PA-12 as per the data sheet as per the SLS printing machine is 176 o thus proving the presence of PA-12 [13]. Fig. 2B represents the DSC graph of the GF+epoxy as cured in the range of 80.39°C. The actual melting range of the epoxy was in the range of 75°C, this may be due to a change in the glass transition temperature which increases due to the number of days after curing [14].
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Figure 2: (A). DSC findings of 3 wt% Polyamide-12 filler with glass fiber. (B). DSC findings of unfilled glass fiber reinforced polymer

3.1.3 Thermogravimetric Analysis (TGA)

The Thermo gravimetric Analysis (TGA) was carried out for the unfilled GF epoxy and the 3 wt% filled PA-12 materials for analyzing the decomposition temperature of the samples. Fig. 3 shows the TGA graph of the filled and unfilled samples. The unfilled Glass fiber with epoxy starts decomposition (Ti) at 280°C and reaches up to 450°C [15]. The PA-12 filled GFRP samples showed slightly higher decomposition temperatures of 309°C and 317°C with an increase in the PA-12 filler proportion. The final decomposition temperature has slightly increased due to the epoxy value [16]. From the results it has been witnessed that the addition of PA-12 filler has altered the decomposition temperature (Ti) of the composite materials.
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Figure 3: TGA results of the samples with and without filler

4  Mechanical Properties

4.1 Tensile Strength

The tensile testing has been performed using the Instron multi-axial torsion machine with a cross-head speed of 2 mm/min for determining the tensile strength and tensile modulus. The stress strain curve for the filled and the unfilled PA-12 filler has been shown in Fig. 4. The stress-strain curve clearly shows that 3 wt% of PA-12 filled composite material showed higher tensile strength compared to unfilled and 1 wt% of PA12 filled materials. Fig. 5A,B shows the tensile strength and tensile modulus of the samples with different filler proportions. From Fig. 5A, the 1 and 3 wt% PA-12 filled GFRP composites showed incremental values compared to the unfilled GFRP. The tensile results has been clearly resembling the increase in addition of the fillers to the matrix has drastically reduced the overall stress value with a slight increase in the strain. The addition of the fiber improved the mechanical strength making the material brittle with a steep curve with reduced strain value. The enhancement of the filler to the matrix and the fiber has shown better strength compared to the presence of fiber and without fiber of different filler percentages.
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Figure 4: Stress strain curve for the samples
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Figure 5: (A). Tensile strength of the Polyamide-12 filled samples (B). Tensile modulus of the Polyamide-12 filled samples

4.2 Contact Angle Measurement

The water absorption characteristics of the PA-12 filler material to the GFRP composites has been measured using the contact angle meter. The overall contact angle of the individual variant has been showed in Fig. 6.
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Figure 6: Contact angle measurement of the used SLS Polyamide-12 filled GFRP composites

The sample was placed on the specimen holder of the instrument. A droplet of 5 to 8 µL was carefully placed on the sample by raising the table until the droplet touched the specimen. The initial sample, consisting of an epoxy matrix with PA-12 filler, exhibited a contact angle of 93.26°, which was higher than those of the other two variants. The increased contact angle may be attributed to the absence of fabric, which slightly absorbs water due to micro-holes in the specimen. The 1 wt% PA-12-filled specimen with fabric showed a slight reduction in contact angle to 92.30°, while the 3 wt% PA-12-filled specimen exhibited a contact angle of 91.91°. This reduction of approximately 1° to 1.5° indicates a decrease in the hydrophobic characteristics of the material. The reduction in contact angle in the 3 wt% filler specimen may be due to the higher filler content, which could increase water absorption, making the material slightly more water-absorbent. The filler added to the matrix and fabric alters the water absorption characteristics, leading to a decreased contact angle. These results clearly indicate that the addition of filler increases the water absorption characteristics of the PA-12-filled GFRP to some extent. However, all three variants exhibit contact angles above 90°, confirming that the material remains hydrophobic.

4.3 Rate of Burning and Morphological Characteristics

4.3.1 Rate of Burning in Horizontal Position

The rate of burning characteristics of the material has been carried out using ASTM D635. The test data of the burn test is shown in Table 1. This shows the increase in the PA-12 increased the linear burn rate of the samples. This slight increment in the burn rate may be due to the addition of the PA-12 filler. The linear burn rate of the unfilled showed better results compared to the filled samples with no flame dripping on the cotton. The addition of the PA-12 fillers may originate the flame from the basic epoxy matrix, enhancing the burn rate to some extent.
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The rate of burning has been carried for determining the flame retardant characteristics of the material. From the Fig. 7A, the unfilled glass fiber with epoxy, shows the flame tends to extinguish itself with a small lit at the edge emitting black smoke. In Fig. 7B, the PA-12 filled GFRP, which shows the flame has started rapidly with the flame with black smoke.
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Figure 7: Rate of burning of (A). Pure epoxy with unfilled sample (B). Glass fiber with epoxy with 3 wt% Polyamide-12 filler

4.3.2 SEM Analysis

The Morphological characteristics of the GFRP with epoxy and PA-12 filler has been shown in Fig. 8. The Fig. 8A shows the fiber matrix interface showing the dispersion of the PA-12 filler to the GFRP material. In addition to the matrix the PA-12 filler has also been mixed with the composite material.
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Figure 8: Morphological images of the tested Polyamide-12 filled sample (A). Fiber matrix interface (B). Interference of the filler inside the matrix and the fiber

The tested specimen has been witnessed for the morphological study for visualizing the detailed internal structure after failure. The red spotted region from a different SEM image denotes the filled debris of the epoxy and the PA-12 interfaced entity. The Fig. 8B denotes the de bossed structure of the PA-12 filler after testing. The interface of the PA-12 with the matrix was found to normal due to the reduced interfacial shear stress. The percentage of the filler added to the matrix was considerably low and there might be chances of agglomeration of the fillers during the mixing or during curing of the matrix. Ultimately from the literatures the PA-12 has a high rate of interfacial bonding strength to the glass fiber [17].

5  Conclusions

The addition of PA-12 filler to the glass fiber-reinforced epoxy resin significantly enhances the composite’s properties like thermal stability and mechanical properties. The Fourier Transform Infrared Spectroscopy (FTIR) confirms the presence of PA-12 and epoxy, with varying peaks indicating structural modifications. The mechanical results of the PA-12 filled material show better results for 3 wt% incorporation of PA-12 where the tensile strength of 99.82 MPa and modulus of 9202.07 MPa are observed which show superior results compared to other samples. Additionally, the contact angle measurement of approximately 90° for the 1 wt% PA-12 filler signifies its inherent hydrophobic nature. In terms of the rate of burning in the horizontal orientation, the unfilled material displayed a higher range, while all materials showcased self-extinguishing properties with zero flame dripping. Overall, these results highlight the effectiveness of the PA-12 filler in improving the mechanical properties of the composite material. The improvements in mechanical strength and a notable increase in hydrophobicity suggest the promising potential of PA-12 filler for tailored composite material applications.
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Table 1: Linear burn rate horizontal position test data

with 3 wt%
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with 1 wt%
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