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ABSTRACT 

The open-source technology-based additive manufacturing technique is a cost-effective method that is notable for 

facilitating manufacture and assembly while being easy to operate. However, the fabricated sample is experiencing 

technical limitations, which is compromising the quality of the parts, including surface roughness and mechanical 

properties. This study aims to compare the effect of layer height on the surface roughness, microstructure and 

mechanical properties of natural PLA and PLA-Al composite specimen. The fabricated specimens’ dimension is 

following the ASTM D683 standard. Generally, it was found that the 3D printed natural PLA has better properties 

compared to the PLA-Al composite in terms of tensile strength and surface roughness. Further assessment was carried 

out on microstructure revealed the porosity exhibited in PLA-Al composite specimens is lesser than the natural PLA 

specimen. Although less porosity is produced in the PLA-Al composite specimen, this did not allow for more superior 

properties than natural PLA in term of tensile strength. 
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INTRODUCTION 

Additive manufacturing (AM), often known as three-dimensional (3D) printing, describes the methods that utilise CAD 

data to generate three-dimensional components [1]. AM technologies have numerous advantages including reducing 

lead time, lower cost consumption, high deposition efficiency and high material utilization compared to the traditional 

manufacturing process [2,3]. The 3D printing process is referring to the product that is formed through the layer-by-

layer construction of parts from raw material until the creation of the entire part is completed [4]. The creation of parts 

is according to the computer-aided design (CAD) model data that enable the customization production, design freedom 

and multiple parts compositions [5]. The capabilities in the manufacturing approach are the reason behind its popularity 

in the industrial sector that utilize expensive materials and has emerged as a disruptive technology.  

In AM process, there are seven classified categories available according to the ASTM (American Society of Testing and 

Materials) [6]. Hence, under polymers, AM processes are subdivided into the following six categories which are vat 

photopolymerization, powder bed fusion, material extrusion, binder jetting, material jetting and sheet lamination [7]. 

The most extended process for thermoplastic materials in AM is processed by material extrusion [8]. Fused deposition 

modelling (FDM) is the first example of a material extrusion system and also known as fused filament fabrication (FFF) 

which involves a process of heating and extruding thermoplastic filament and depositing the molten layers sequentially 

[9]. The molten layer then solidifies and bonds with the existing extruded materials. Besides that, the widespread use of 

FDM machines is partially due to the simplicity of the system that allows using an open-source path generation for 

anyone. The FDM technique has enabled new ways to produce parts and more preferred techniques in AM due to its 
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low cost, minimum post-processing, ease of material replacement, close tolerances up to 0.2 mm and ability to process 

different thermoplastics [10,11].  Polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) are the common 

range of materials that are widely being used thermoplastics in FDM. This material satisfies that needs with its excellent 

mechanical properties, good dimensional stability and good processing performance [12]. PLA is utilized as a 

recyclable thermoplastic that is considered as the highly favourable biopolymers used [13]. However, although FDM is 

highly used in AM, a certain limitation is arising from the weak interlamination bonding as well as the poor 

performance of raw filaments used such as ABS and PLA [14]. Previous research has focused on the impact of 3D 

printing parameters on essential FDM metrics such as increasing the yield strength and ultimate tensile strength, among 

other mechanical properties. Raut et al. investigated the tensile, flexural, and processing time of ABS P400 specimens 

using ASTM D638 and ASTM D790 standards. The orientation of the build platform was altered and had a substantial 

effect on all the factors tested [15]. EL Maghi et al. produced a test bar from PLA and PLA-CF (carbon fibre) where the 

addition of CF could increase the Young modulus and tensile strength level [13]. Alafaghani et al. analyzed the main 

effect of four processing parameters on the mechanical properties and dimensional accuracy of FDM parts PLA 

material. The results showed that minimum value is generally better for extrusion temperature, layer thickness, infill 

percentage and hexagonal to produce good dimensional accuracy [16]. Swapnill et al. investigate the impact of five 

processing parameters on the complex geometrical components of ABS filament. It has been discovered that the 

optimization set used in their current investigation is beneficial in producing high-quality parts [17]. Nazan et al. study 

the effect of printing parameters on warping deformation to achieve the desired quality in developing parts using an 

open-source 3D printer [18]. Therefore, there is potential for improving the quality of manufactured components by 

investigating the interactions of process parameters on tensile strength, microstructure, and surface roughness of parts 

fabricated. Integration of composite material in FDM filament is gaining interest of researchers and end users due its 

ability to obtain required characteristics for any specific application. One of the advantage of using metal composite in 

FDM is the shiny metal looking appearance that may be produced after post processing. Since there is metal powder 

with certain range of size will be embedded in the PLA filament, it is crucial to investigate how this influence the 

mechanical properties. In this study, an open-source 3D printing technology was used and specimens were 3D printed 

using natural PLA filament and PLA-Al composite filament.  

MATERIALS AND METHODS 

The mechanical characteristics of PLA filaments and PLA-Al composite filaments were investigated. The aluminium 

metal powder was mixed with natural PLA filament in a 72/25 weight ratio to produce PLA-Al composite filament. The 

influence of layer height on tensile strength, porosity, and roughness was investigated. The STL file was created using 

Solidworks software and adheres to the ASTM D683 tensile test standard for testing polymer specimens. Table 1 shows 

the printing parameter listed.  

Table 1. 3D printing slicing parameters. 

Parameter Values Units 

Speed printer 50  mm/s 

Layer height mm 0.1, 0.2, 0.3, 0.4 mm 

Fill pattern Rectilinear Na 

Orientation º 90 (º) 

Infill % 100 % 

Slicing STL files (G-code) were generated by Slic3r and Cura software before being loaded into open-source 3D printer 

namely Kossel type 3D printer. During the manufacturing of the natural PLA and PLA-Al composite specimens, the 

temperature was kept between 185 ºC to 190ºC. The temperature settings for natural PLA and composite PLA abide by 

the manufacturer's recommendations. Five natural PLA and PLA-Al composite specimens with varied layer heights 

were created (0.1, 0.2, 0.3, and 0.4 mm). All specimens were printed with a 100% infill setting, while all other 

parameters remained constant. All specimens' strengths were determined using the Instron 4468. An average of five 

samples was assessed for each condition. 

The surface roughness was measured using Mitutoyo Portable Surface (SJ-301). The scanning electron microscope 

(SEM) JEOL (JSM 6010 PLUS/ LV) was used to determine the internal porosity in 3D printed PLA and PLA-Al 

composite specimens created by an open-source 3D printer. Further analysis is performed to calculate the percentage of 

internal porosity using the Archimedes principle, which utilizes in Equation 1. In Eq. 1, the          is the actual density 

calculated from the specimen weight and volume, while the PLA (         ) is 1.25 g/cm
3
[19]. 

 

Porosity,           
       

         
)     (1) 
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RESULTS AND DISCUSSION 

Table 2 shows that the average tensile strength of the specimens fabricated with natural PLA and PLA-Al composite 

significantly varies at different layer heights. Based on the experiment, it was discovered that the tensile strength of 

natural PLA is greater at each layer height than that of PLA-Al composite material.  

Table 2. Average tensile strength of sample natural PLA and PLA-Al composite 

Layer height (mm) 
Average tensile strength (MPa) 

Natural PLA PLA- Al composite 

0.1 33.91 25.15 

0.2 46.34 26.34 

0.3 42.79 28.91 

0.4 35.21 25.61 

Figure 1 exhibits a graph that clearly illustrates the trend in tensile strength for sample PLA and composite PLA-Al at 

different layer heights. At different layer heights, the highest tensile strength of natural PLA and PLA-Al composite 

samples is 46.22 MPa and 28.84 MPa, respectively. Each sample yielded a similar result, with the lowest strength 

attained at 0.1mm layer height. The lower the layer height, the lower the strength due to the uneven layer structure 

formed, as demonstrated in Figure 3(a) and Figure 4(a). The layer height is expected to have a complex influence on 

strength due to increasing bonding between layers and cool rapidly, resulting in reduced diffusion, according to Coogan 

et al [3]. The tensile strength for natural PLA sample printed parts decreased from 0.2 mm to 0.4 mm as layer height 

increased in this investigation. It thus can be seen the finer layers result in superior results and mechanical properties; 

however, the effect is more pronounced in natural PLA than in PLA-Al composite. Furthermore, the tensile strength of 

PLA-Al composite material is lower than that of PLA, showing a lack of interfacial adhesion between the PLA and the 

Al fibers due to different elastic properties[20]. As there is larger tensile load than the bonding strength at the interface 

between the PLA and Al fiber, voids were formed with poor compaction and adhesion between filament layer. As a 

result, lower tensile strength of PLA-Al composite compared to natural PLA was obtained. 

 

Figure 1. Tensile strength against layer height for sample natural PLA and PLA-Al composite 

In the FDM process, the filament-to-filament layer stacking in ordered manner provides a homogenized component 

porosity. Due to the porosity that arises during the FDM process which contributes to low bonding, the component 

produced has lower mechanical properties than the traditional manufacturing technique. The percentage of porosity 

increases significantly as the layer height increases due to reduced contact area between layers. The porosity of the 

samples is shown in Figure 2. The lowest porosity percentages are found at layer heights of 0.1 mm, with 16.5% and 

9% for natural PLA and composite PLA-Al samples, respectively. Both samples had a higher porosity percentage at a 

layer height of 0.4 mm. The thinner 0.1 mm layers appear to result in less overall porosity and bonded between layer 

inside the structure. Based on Figure 2, it is apparent that increasing the layer height significantly increases porosity. In 

addition, inadequate compaction and adhesion between layers resulted in low mechanical strength [21]. These are also 
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caused by air gaps between the layers that are influenced by high temperatures during the extrusion process, and 

significant melting affects the porosity of the final component [22].  

 

Figure 2. Percentage of porosity at different layer height 

Figure 3 illustrates the microstructure of the sample fabricates with natural PLA. The increasing amount of porosity 

clearly can be seen as the layer height increase between the layers. The resulting micrograph is shown in Figure 3(a), at 

the layer height of 0.1 mm, inconsistent layer was produced where there was small clearance between extruded filament 

causing interrupted, oval shaped but non uniform geometry of filament.  

       
        (a) Layer height 0.1 mm                      (b) Layer height 0.2 mm 

 

       
          (b) Layer height 0.3 mm         (d) Layer height 0.4 mm 

Figure 3. Microstructure of natural PLA at different layer height 
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Suitable selection of input parameters especially layer height, is crucial for the construction of high-quality components. 

At the layer height of 0.2 mm contact area of the filament between is larger due to well organized structure of the 

filament. This may contribute to higher interlayer bonding of the 3D printed structure. However, as the layer thickness 

was increased to 0.3 and 0.4 mm, the shape has changed to semi circled and rounded shaped. The contact area between 

interlayer was minimum at these settings and resulted in lower tensile strength compared to 0.2 mm layer thickness. In 

addition, as the number of layers grows, so does the number of heating and cooling cycles, thereby increasing residual 

stress which may also affected the properties [23]. 

The cross-sectional micrograph for sample with PLA-Al composite material is shown in Figure 4. The sample produces 

with PLA-Al composite material are inconsistent in layer structure due to the addition of Al in PLA material. Moreover, 

the specimens with aluminum powder are more brittle and suffer minor deformation before breaking [24]. As 

mentioned earlier, the samples with composite PLA-Al has a lower strength than the sample natural PLA. This is 

attributed to the difference in the elastic property of distinct of PLA and Al which contribute to poor interlayer bonding 

and also between PLA and Al. Although generally the porosity of PLA-Al is less than natural PLA, poor interlayer 

bonding and poor bonding between PLA and Al plays important role in causing the lower strength of 3D printed PLA-

Al composite materials. 

  

(a) Layer height 0.1 mm (b) Layer height 0.2 mm 

  

(c) Layer height 0.3 mm (d) Layer height 0.4 mm 

 

Figure 4. Microstructure of  PLA-Al composite at different layer height 

Aside from mechanical properties and porosity, the increment of layer height influences the surface roughness of the 

sample. The average surface roughness for each layer height is shown in Table 3. It is observed, the surface roughness 

increases as layer height increases. Figure 5 depicts the plot of layer height and surface roughness for each specimen at 

different layers. The significant increase in surface roughness is linked to the stair-stepping effect, which results in an 

uneven surface appearance [10,25]. There were also unmelted metal powders mixed within fused filament which 

contributes to rougher surface due to the shape of the metal powders on the surface. Other than that, there were gas 

porosities which caused by uneven shrinkage during cooling process of different materials from molten state to solid 

state. As a result, generally smoother surface rougher was obtained for samples printed with natural PLA. 

 

Inconsistent layer structure 

Porosity 

PLA-Al composite 



Fused Filament Fabrication of Natural PLA and PLA-Aluminum Composite 

262 
 

Table 3. Roughness values of natural PLA and PLA- Al composite at 90 º orientations 

Layer height 

(mm) 

Natural PLA Roughness value  

Ra (µm)  

PLA- Al composite Roughness value  

Ra (µm) 

0.1 2.56  4.93  

0.2 2.69 5.30 

0.3 3.28 5.69  

0.4 3.81  5.79  

 

 
 

Figure 5. Roughness of sample natural PLA and composite PLA-Al at different layer height 

CONCLUSION 

This study investigates the effect of layer height on the strength, porosity, and surface roughness of samples printed 

with an open-source 3D printer and two distinct filament materials: natural PLA and PLA-Al composite. It was found 

that although the PLA-Al composite able to provide metal looking appearance to the 3D printed part, samples made 

from natural PLA have greater strength than PLA-Al composites. The finer surface is also more noticeable in natural 

PLA than in PLA-Al composite. Porosity was found to increase significantly as the layer height increase but reduce in 

the strength of the printed sample. The presence of Al has a significant impact in reducing the porosity percentage of 

PLA-Al composite specimen however does not increase its strength due to the difference in elastic characteristics of 

PLA and Al. This has caused inadequate interfacial adhesion, poor compaction, poor interlayer bonding and reduced 

mechanical strength of PLA-Al composite.  
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