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The International Conference on Structural Integrity and Reliability of Advanced Materials obtained through Additive 
Manufacturing (SIRAMM23), was organized at the University Politehnica Timisoara, Romania, in cooperation with 
TC13: EDUCATION AND TRAINING and TC15:STRUCTURAL INTEGRITY OF ADDITIVE MANUFACTURED 
COMPONENTS of the European Structural Integrity Society (ESIS), March 8th-11th 2023 as the final conference of 
the European Twinning project on Structural Integrity and Reliability of Advanced Materials obtained through 
additive Manufacturing, H2020-WIDESPREAD-2018-03 under the grant agreement No. 857124. 
 
The general aim of the conference was to promote international collaboration and share current knowledge on the 
structural integrity and design of additively manufactured (AM) materials and the related disciplines. Of particular 
interest is understanding the role of AM printing conditions and parameters on the final reliability and safety of the 
obtained materials, a crusial aspect especially for AM materials used in load bearing applications. 
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The conference was attended (in hybrid mode) by 177 participants from 23 different countries. We had 8 keynote 
lectures provided by highly recognized researchers in the field of Additive Manufacturing and Structural Integrity: 
prof. Geert de Schutter (Gent University, Belgium), prof. Noy Cohen (Technion, Haifa, Israel), prof. Sara Bagherifard 
(Polytechnic of Milano, Italy), prof. Giulia Scalet (University of Pavia, Italy), prof. Katia Bertoldi (Harvard 
University, Boston, USA), prof. Vadim Silberschmidt (Loughborough University, UK), prof. Luca Susmel (University 
of Sheffield, UK), prof. Jan Torgersen (TU Munchen, Germany) and a presentation provided by dr. Dana Dragomir 
form NCP Romania related to the financing opportunities offered by Widening and ERA calls in Horizon Europe. 
 
At the SIRAMM23 conference were presented 67 papers in specific sessions dedicated to the following topics: 

- Characterization of AM polymer-based materials, 
- Characterization of AM metallic materials 
- Modeling and simulation of AM materials and processes 
- Characterization of AM metallic materials and composites 
- AM in bio-related applications, health, and medicine 
- Applications and advancements in AM materials and structures 

 
Among the presented papers, 26 were selected for publication in a Special Issue of the Structural Integrity Procedia 
Journal dedicated to the SIRAMM23 conference. 
 
As Guest Editors of this Conference Proceedings, we wish to thank all authors for their valuable contributions in the 
advancement of knowledge in the field of AM from an engineering perspective. 
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Abstract 

In the last decades, the orthopedic industry has increasingly adopted Additive Manufacturing (AM) technologies, such as selective 
laser melting, to produce custom devices. Given their novelty with respect to discrete-size implants, New 2017/745 Medical Device 
Regulation introduced the need for safety and quality demonstration of such unique devices, a non-trivial task since no defined 
criteria state how to test them. In this scenario, numerical analyses can be a robust tool for the intended purposes as long as the 
reliability of the numerical models is verified in terms of geometry reconstruction and material assignment. The latter need has to 
deal with the peculiarities of AM in the production of lattice structures, distinctive features of this new generation of devices 
conceived to mimic bone morphology. Indeed, the struts of such structures have diameters of hundreds of microns, which approach 
AM accuracy limit. If, on the one hand, the issues related to AM production are well-known, on the other hand, it is not yet fully 
understood how to deal with them if thin struts are manufactured. Given the still questionable research area and starting from the 
few literature findings, this study aims to provide an exhaustive morphological and material characterization of Ti6Al4V thin struts 
produced by selective laser melting, supporting experimental activities with numerical analyses. The importance of investigating 
together their morphology and mechanical behavior will be highlighted: morphological analyses will constitute the first step to 
assess the quality of the manufactured samples and to correctly interpret the experimental results of static and fatigue tests. In this 
light, the differences with respect to the mechanical properties of both machined samples and thick AM samples will be outlined. 
The outcomes of this research will be fundamental for the development of reliable FE models of lattice-based devices. 
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1. Introduction 

Nowadays, the advantages of AM applied to the orthopedic industry are well recognized. The production of a new 
generation of custom devices is an outstanding example: lattice structures are conceived both to design lightweight 
implants, reducing the risk of stress-shielding, and to mimic the trabecular bone, enhancing the implant 
osteointegration within the surrounding bone tissue. These devices are commonly produced using Selective Laser 
Melting (SLM) as a manufacturing process and Ti6Al4V alloys as metallic powder. Contrary to traditional 
manufacturing processes, such as machining, AM allows the production of custom devices fitting complex anatomies. 
Unlike discrete-size devices, there are no defined methodologies to assess the safety and quality of custom implants, 
given their unique shapes and dimensions. Finite Element (FE) modeling of implantable devices is a viable option as 
long as the FE model reliability is verified in terms of geometry reconstruction and assignment of material properties. 
As for the latter, the characterization of the struts involved in the implants’ lattice structures is still an open issue and 
is hindered by their dimensions approaching the accuracy limit of AM technologies. For instance, the minimum 
printable strut diameter is about 200 µm (Yang et al., 2021). Therefore, uncertainties in their manufacturing arise, 
affecting the final product morphology and mechanical properties. Internal and surface defects (e.g., porosity and 
surface roughness) may be present, and their effect on the material properties is particularly relevant, given the struts 
dimensions in the order of hundreds of microns. Recent works (Hossain et al., 2021; Murchio et al., 2021a) highlighted 
a significant discrepancy between thin struts and samples with dimensions in the order of centimeters or bigger. The 
reasons behind these findings are many and not yet fully understood, making this field still open to further 
investigations. Given the introduced evidence, morphology and mechanical behavior (both static and fatigue) of AM 
thin struts should be investigated together. As for the fatigue behavior, if its characterization has been exhaustively 
conducted on traditional manufacturing Ti6Al4V, the same cannot be stated for AM samples. The emerging literature 
findings assess that the fatigue life of AM materials is lower with respect to the conventional ones due to, for instance, 
internal and surface defects introduced by AM (Edwards & Ramulu, 2014; Greitemeier et al., 2016; Nakatani et al., 
2019; Pegues et al., 2018; Persenot et al., 2019). However, to the best of the authors' knowledge, the majority of 
literature works deal with samples having dimensions in the order of centimeters (e.g., diameter>3mm), but very few 
works (Murchio et al., 2021a) have investigated smaller samples (e.g. diameter <1mm), object of the current work. 
Thus, this study aims to provide an exhaustive morphological and material characterization of Ti6Al4V thin struts 
produced via SLM, coupling experimental and computational approaches. This is a preliminary but fundamental step 
in the design process of orthopedic patient-specific implants. In particular, the reference application of this work is an 
implant for the talus substitution, as discussed by the authors research group (Danielli, Berti, et al., 2023). 

2. Materials and Methods 

2.1. Design and fabrication of the material specimens 

Cylindrical specimens were designed as shown in Fig. 1a. A diameter of 0.6 mm was chosen based on both the 
minimum printable dimension (0.2 mm) (Yang et al., 2021), and an average thickness of bone trabeculae (0.2 mm-1 
mm) (Ho et al., 2013; Turunen et al., 2020). The samples were manufactured at the CNR-ICMATE laboratories 
(Lecco, Italy) using SLM technology. A Renishaw AM400 printer was exploited, and a biomedical grade Ti6Al4V 
ELI powder was used as raw material (spherical particles 15-45 µm). The manufacture was conducted with a spot 
diameter of 70 μm at the focal point, a layer thickness (t) of 30 μm, a hatching distance (H) of 65 μm, and a laser 
power (P) of 200 W (pulsed-wave emission mode). Due to the laser pulsed functioning, the scanning speed (v) was 
calculated as the ratio between the laser point distance (75 μm) and the laser exposure time (50 μs). Therefore, the 
laser energy density (E = P/(t∙h∙v)) was calculated equal to 68 J/mm3. The meander strategy was chosen as a scanning 
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conducted on traditional manufacturing Ti6Al4V, the same cannot be stated for AM samples. The emerging literature 
findings assess that the fatigue life of AM materials is lower with respect to the conventional ones due to, for instance, 
internal and surface defects introduced by AM (Edwards & Ramulu, 2014; Greitemeier et al., 2016; Nakatani et al., 
2019; Pegues et al., 2018; Persenot et al., 2019). However, to the best of the authors' knowledge, the majority of 
literature works deal with samples having dimensions in the order of centimeters (e.g., diameter>3mm), but very few 
works (Murchio et al., 2021a) have investigated smaller samples (e.g. diameter <1mm), object of the current work. 
Thus, this study aims to provide an exhaustive morphological and material characterization of Ti6Al4V thin struts 
produced via SLM, coupling experimental and computational approaches. This is a preliminary but fundamental step 
in the design process of orthopedic patient-specific implants. In particular, the reference application of this work is an 
implant for the talus substitution, as discussed by the authors research group (Danielli, Berti, et al., 2023). 

2. Materials and Methods 

2.1. Design and fabrication of the material specimens 

Cylindrical specimens were designed as shown in Fig. 1a. A diameter of 0.6 mm was chosen based on both the 
minimum printable dimension (0.2 mm) (Yang et al., 2021), and an average thickness of bone trabeculae (0.2 mm-1 
mm) (Ho et al., 2013; Turunen et al., 2020). The samples were manufactured at the CNR-ICMATE laboratories 
(Lecco, Italy) using SLM technology. A Renishaw AM400 printer was exploited, and a biomedical grade Ti6Al4V 
ELI powder was used as raw material (spherical particles 15-45 µm). The manufacture was conducted with a spot 
diameter of 70 μm at the focal point, a layer thickness (t) of 30 μm, a hatching distance (H) of 65 μm, and a laser 
power (P) of 200 W (pulsed-wave emission mode). Due to the laser pulsed functioning, the scanning speed (v) was 
calculated as the ratio between the laser point distance (75 μm) and the laser exposure time (50 μs). Therefore, the 
laser energy density (E = P/(t∙h∙v)) was calculated equal to 68 J/mm3. The meander strategy was chosen as a scanning 



84 Francesca Danielli  et al. / Procedia Structural Integrity 56 (2024) 82–89
 Author name / Structural Integrity Procedia 00 (2019) 000–000  3 

strategy, and the process was carried out in a reduced build volume (78∙78∙55 mm3) on a Ti-based platform. Before 
processing, vacuum was applied (oxygen level lower than 500 ppm), the build chamber was filled with Argon, and no 
preheating was applied to the build platform. Three batches of material specimens were manufactured, different for 
the print direction with respect to the build platform (45°, 60°, 90°, Fig. 1b). The angles were chosen based on the 
struts inclinations of the trabecular cells commonly used for orthopedic devices (Olivares, 2022) and compatibly with 
the AM limits (Yang et al., 2021). As for the latter constraint, the minimum printable inclination angle is 20°. The 
specimens were placed 3 mm above the build plate using supports, to ensure a better heat transfer and keep them in 
place during the process Additionally, a second set of supports was introduced for the 45°-samples (Fig. 1c). After the 
manufacture, the specimens were subjected to heat treatment (850 °C for 2 hours followed by slow cooling in furnace) 
to avoid, or at least minimize, the presence of residual stresses. Finally, no surface treatment was performed on the 
specimens (Fig. 1d). 

 

 

 

 

 

Fig. 1. (a) CAD drawing of the cylindrical samples; (b) Schematic representation of the printing process to highlight the inclination (θ) of the 
samples with respect to the build platform and the print direction; (c) Batches of the printed samples manufactured in Ti6Al4V through the SLM 
technology; (d) Example of a printed sample, with a detail about the gauge length. 

2.2. Morphological characterization 

The inaccuracies of AM fabrication have been outlined by the literature, and they are more evident in the presence 
of thin samples. In addition to the dimensions, the final product is affected by its orientation with respect to the build 
platform (Murchio et al., 2021a). Therefore, a deep morphological characterization is needed before performing 
mechanical tests. Thus, the quality of the printed samples was investigated by performing the following analyses. 

• Density measurements were carried out to assess the presence of internal pores. Using the Gibertini E 50 S/2 
analytical scale, the density of three samples (ρSAMPLE, g/cm3) for each batch was calculated exploiting the 
Archimedes principle and compared with the one of a machined Ti6Al4V ELI alloy (ρREF, g/cm3). From the 
calculated density, the porosity of the AM sample can be calculated as 1 - (ρSAMPLE / ρREF) [%]. 

• Lateral images were acquired with the WILD Stereomicroscope (7x magnification) to measure the Gauge Length 
(GL) of three samples for each batch and processed with the imaging software NISELEMENTS AR Analysis (Nikon 
Instruments, Melville, NY, USA); 

• Profilometry analyses were performed using the Olympus Lext Laser Microscope (10x magnification): 2D height-
maps were acquired to evaluate the surface roughness of the samples (the average roughness, Ra, was calculated). 
One sample for each batch was analyzed, and for each sample, the roughness of four sides was evaluated by rotating 
the sample of about 90° along its axis. Five measurements for each side were performed; 

• Three samples for each batch were used to evaluate the cross-section; three sections for each specimen were made 
along the GL, 500 µm equally spaced along the specimen axis. The cut portions were embedded in epoxy resin and 
polished. Images were acquired using the WILD Stereomicroscope (32x magnification) and processed using the 
imaging software ImageJ (Wayne Rasband, National Institutes of Health, USA). 
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2.3. Material characterization: static tests 

Static uniaxial tensile tests were performed under displacement control on three specimens for each batch until 
failure, using an Instron E3000 ElectroPulse machine. The final aim of the tests is to calculate the elastic modulus 
and the yield stress of the material based on the deformation of the only GL (the portion of the sample at constant 
cross-section, Fig. 1a), avoiding the contribution of the fillet radius (the portion of the sample at variable cross-section, 
Fig. 1a). Due to the small size of the specimens, extensometers could not be applied to measure the deformation of 
the GL. Therefore, experimental tests were coupled with numerical analyses: FE models of the samples were 
developed considering the actual dimensions of the samples (2.2), and the experimental tests were numerically 
replicated using Abaqus/CAE 2020 (Dassault Systèmes, Vélizy-Villacoublay, France). Based on the experimental 
force-displacement curves and the results of the simulations, the elastic modulus (E) was calculated as follows: 

α = uGL
FEA

uTOT
FEA                             εGL = uTOT

EXP

L0
∙ α                            σEXP = FEXP

A0
                            E = σEXP

εGL
                          (1) 

where: α is the percentage of displacement of the only GL, uTOT
FEA is the displacement applied in the FE simulation, 

uGL
FEA is the resulting numerical displacement of the GL, εGL is the deformation of the GL, uTOT

EXP is the experimental 
applied displacement (the distance between the grips of the testing machine), L0 is the GL initial length (the value was 
assigned based on the measures described in 2.2), σEXP is the experimental stress on the GL, FEXP is the force recorded 
during the experimental test, A0 is the GL initial cross-section area (the value was assigned based on the measures 
described in 2.2). The elastic modulus of the samples was calculated as the slope of the line interpolating the elastic 
portion of the stress-strain curve, and the yield stress was determined based on the 0.2% offset method: the 
interpolation line is offset by 0.002 of the strain and its intersection with the stress-strain curve is the yield stress. 

As compared to the previous work published by the authors (Danielli, Berti, et al., 2023), the calculation of the 
static material properties has been performed considering not only the effective cross-section area of the manufactured 
samples but also their effective gauge length, which was previously assumed to be equal to the nominal dimension.    

2.4. Material characterization: preliminary fatigue tests 

Tensile-tensile fatigue tests were performed under force control using an Instron E3000 ElectroPulse machine with 
the following parameters: load ratio 0 < FMIN/FMAX < 1, mean force FMEAN=40 N, frequency f=60 Hz. Since this was a 
preliminary investigation, fatigue tests were conducted to construct only the finite life fatigue curve of Wöhler 
diagram, following the ISO 12107 standard (ISO 12107:2012, 2012). Moreover, only the 60°- and the 90°-samples 
were tested. Three load levels were considered for both batches, and five specimens were tested for each level.  

Tests were conducted until either specimen failure or runout (5∙105). The runout was chosen based on the final aim 
of the project within which the current study falls: the design of a talus prosthesis. Considering the walking activity 
as a cyclic load and assuming an average of 106 steps/year, the time needed to reach an almost fully-osteointegration 
of the implant is about half a year (5∙105 cycles), during which it is reasonable to assume that the prosthesis is the only 
element bearing the body weight, without the support of the surrounding bone tissue. This condition represents the 
worst-case scenario to be investigated during the fatigue analysis. Finally, Scanning Electron Microscope (SEM) 
images of the fracture surfaces were acquired using a Zeiss LEO 1430 SEM (300x magnification). Two surfaces were 
analyzed for each batch, one for the highest load level and one for the lowest. 

3. Results 

3.1. Morphological characterization 

The density measures showed no significant differences among the three batches (4.33 ± 0.01 g/cm3), leading to 
an overall samples porosity with respect to a fully solid machined Ti6Al4V ELI (density of 4.42 g/cm3) of 2%. The 
measurements of the GL outlined a significant mismatch with respect to the length in the nominal model (3 mm, Fig. 
2a). Namely, the relative difference was found to increase with the increase of the sample inclination: about 40% for 
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strategy, and the process was carried out in a reduced build volume (78∙78∙55 mm3) on a Ti-based platform. Before 
processing, vacuum was applied (oxygen level lower than 500 ppm), the build chamber was filled with Argon, and no 
preheating was applied to the build platform. Three batches of material specimens were manufactured, different for 
the print direction with respect to the build platform (45°, 60°, 90°, Fig. 1b). The angles were chosen based on the 
struts inclinations of the trabecular cells commonly used for orthopedic devices (Olivares, 2022) and compatibly with 
the AM limits (Yang et al., 2021). As for the latter constraint, the minimum printable inclination angle is 20°. The 
specimens were placed 3 mm above the build plate using supports, to ensure a better heat transfer and keep them in 
place during the process Additionally, a second set of supports was introduced for the 45°-samples (Fig. 1c). After the 
manufacture, the specimens were subjected to heat treatment (850 °C for 2 hours followed by slow cooling in furnace) 
to avoid, or at least minimize, the presence of residual stresses. Finally, no surface treatment was performed on the 
specimens (Fig. 1d). 

 

 

 

 

 

Fig. 1. (a) CAD drawing of the cylindrical samples; (b) Schematic representation of the printing process to highlight the inclination (θ) of the 
samples with respect to the build platform and the print direction; (c) Batches of the printed samples manufactured in Ti6Al4V through the SLM 
technology; (d) Example of a printed sample, with a detail about the gauge length. 

2.2. Morphological characterization 

The inaccuracies of AM fabrication have been outlined by the literature, and they are more evident in the presence 
of thin samples. In addition to the dimensions, the final product is affected by its orientation with respect to the build 
platform (Murchio et al., 2021a). Therefore, a deep morphological characterization is needed before performing 
mechanical tests. Thus, the quality of the printed samples was investigated by performing the following analyses. 

• Density measurements were carried out to assess the presence of internal pores. Using the Gibertini E 50 S/2 
analytical scale, the density of three samples (ρSAMPLE, g/cm3) for each batch was calculated exploiting the 
Archimedes principle and compared with the one of a machined Ti6Al4V ELI alloy (ρREF, g/cm3). From the 
calculated density, the porosity of the AM sample can be calculated as 1 - (ρSAMPLE / ρREF) [%]. 

• Lateral images were acquired with the WILD Stereomicroscope (7x magnification) to measure the Gauge Length 
(GL) of three samples for each batch and processed with the imaging software NISELEMENTS AR Analysis (Nikon 
Instruments, Melville, NY, USA); 

• Profilometry analyses were performed using the Olympus Lext Laser Microscope (10x magnification): 2D height-
maps were acquired to evaluate the surface roughness of the samples (the average roughness, Ra, was calculated). 
One sample for each batch was analyzed, and for each sample, the roughness of four sides was evaluated by rotating 
the sample of about 90° along its axis. Five measurements for each side were performed; 

• Three samples for each batch were used to evaluate the cross-section; three sections for each specimen were made 
along the GL, 500 µm equally spaced along the specimen axis. The cut portions were embedded in epoxy resin and 
polished. Images were acquired using the WILD Stereomicroscope (32x magnification) and processed using the 
imaging software ImageJ (Wayne Rasband, National Institutes of Health, USA). 
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2.3. Material characterization: static tests 

Static uniaxial tensile tests were performed under displacement control on three specimens for each batch until 
failure, using an Instron E3000 ElectroPulse machine. The final aim of the tests is to calculate the elastic modulus 
and the yield stress of the material based on the deformation of the only GL (the portion of the sample at constant 
cross-section, Fig. 1a), avoiding the contribution of the fillet radius (the portion of the sample at variable cross-section, 
Fig. 1a). Due to the small size of the specimens, extensometers could not be applied to measure the deformation of 
the GL. Therefore, experimental tests were coupled with numerical analyses: FE models of the samples were 
developed considering the actual dimensions of the samples (2.2), and the experimental tests were numerically 
replicated using Abaqus/CAE 2020 (Dassault Systèmes, Vélizy-Villacoublay, France). Based on the experimental 
force-displacement curves and the results of the simulations, the elastic modulus (E) was calculated as follows: 
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                            E = σEXP
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where: α is the percentage of displacement of the only GL, uTOT
FEA is the displacement applied in the FE simulation, 

uGL
FEA is the resulting numerical displacement of the GL, εGL is the deformation of the GL, uTOT

EXP is the experimental 
applied displacement (the distance between the grips of the testing machine), L0 is the GL initial length (the value was 
assigned based on the measures described in 2.2), σEXP is the experimental stress on the GL, FEXP is the force recorded 
during the experimental test, A0 is the GL initial cross-section area (the value was assigned based on the measures 
described in 2.2). The elastic modulus of the samples was calculated as the slope of the line interpolating the elastic 
portion of the stress-strain curve, and the yield stress was determined based on the 0.2% offset method: the 
interpolation line is offset by 0.002 of the strain and its intersection with the stress-strain curve is the yield stress. 

As compared to the previous work published by the authors (Danielli, Berti, et al., 2023), the calculation of the 
static material properties has been performed considering not only the effective cross-section area of the manufactured 
samples but also their effective gauge length, which was previously assumed to be equal to the nominal dimension.    

2.4. Material characterization: preliminary fatigue tests 

Tensile-tensile fatigue tests were performed under force control using an Instron E3000 ElectroPulse machine with 
the following parameters: load ratio 0 < FMIN/FMAX < 1, mean force FMEAN=40 N, frequency f=60 Hz. Since this was a 
preliminary investigation, fatigue tests were conducted to construct only the finite life fatigue curve of Wöhler 
diagram, following the ISO 12107 standard (ISO 12107:2012, 2012). Moreover, only the 60°- and the 90°-samples 
were tested. Three load levels were considered for both batches, and five specimens were tested for each level.  

Tests were conducted until either specimen failure or runout (5∙105). The runout was chosen based on the final aim 
of the project within which the current study falls: the design of a talus prosthesis. Considering the walking activity 
as a cyclic load and assuming an average of 106 steps/year, the time needed to reach an almost fully-osteointegration 
of the implant is about half a year (5∙105 cycles), during which it is reasonable to assume that the prosthesis is the only 
element bearing the body weight, without the support of the surrounding bone tissue. This condition represents the 
worst-case scenario to be investigated during the fatigue analysis. Finally, Scanning Electron Microscope (SEM) 
images of the fracture surfaces were acquired using a Zeiss LEO 1430 SEM (300x magnification). Two surfaces were 
analyzed for each batch, one for the highest load level and one for the lowest. 

3. Results 

3.1. Morphological characterization 

The density measures showed no significant differences among the three batches (4.33 ± 0.01 g/cm3), leading to 
an overall samples porosity with respect to a fully solid machined Ti6Al4V ELI (density of 4.42 g/cm3) of 2%. The 
measurements of the GL outlined a significant mismatch with respect to the length in the nominal model (3 mm, Fig. 
2a). Namely, the relative difference was found to increase with the increase of the sample inclination: about 40% for 
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the 45°-sample and about 60% for the 90°-sample. The results of the profilometry analysis were analyzed by 
distinguishing between the samples downskin and upskin surfaces. The former is the surface directed towards the 
build platform, while the latter is the 180°-opposite one. This distinction can be made for inclined samples, while no 
differentiation can be made for the vertical samples since no lateral surface faces the build platform. The relative 
difference between the downskin surface roughness and the upskin one was higher for the 45°-samples (the upskin is 
about 55% less rough than the downskin) with respect to the 60°-ones (the upskin is about 40% less rough as compared 
to the downskin). For both the 45°- and 60°-samples, the surface roughness of the other two surfaces fell within the 
range defined by the downskin and upskin surfaces. As for the 90°-samples, no significant differences were found for 
the four lateral views, and the average surface roughness fell within the range defined by the downskin and upskin 
surfaces of the 45°- and 60°-samples (Fig. 2c). Finally, the actual cross-section areas underrated the nominal one 
(0.283 mm2). The lower relative difference was found for the 45°-samples (3%), while the higher one for the 90°-
samples (20%). Besides the values, the shapes were observed. The mismatch from the nominal circular shape was 
found to increase as the sample inclination decreased. The 90°-samples exhibit an almost circular shape, the 45°-
samples a drop-like shape with the tip in the downskin surface, while the 60°-samples an intermediate shape (Fig. 2b). 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2. (a) Actual gauge lengths (black lines) compared with the nominal ones (red rectangles); (b) Actual cross-sections (white images) 
compared with the nominal ones (dashed red lines). The downskin and upskin surfaces are highlighted for the 45°- and 60°-samples; (c) Average 
surface roughness (Ra) measured on the upskin and downskin surfaces (45°- and 60°-samples), and on two arbitrary surfaces (90°-samples). 

3.2. Material characterization: static tests 

The results of the static tensile tests are reported in Fig. 3: for each batch, the average stress-strain curves out (Fig. 
3c) of three tests were derived from the experimental force-displacement (Fig. 3b) curves and were used for the 
calculation of the elastic modulus and the yield stress (Table 1). The tests performed on the same sample batches are 
repeatable, as shown by the slight standard deviation (vertical black lines) of both the force-displacement and stress-
strain curves. Moreover, no significant differences exist among the stress-strain curves for the different batches. 

 

 

 

 

 

Fig. 3. (a) Static tensile test; (b) Force-displacement curves recorded during the experiments: average values and standard deviations; (c) 
Simulation of the experiment with a detail of the displacement field in the gauge length and in the filler radii; (d) Stress-strain curves for the 
gauge length: average values and standard deviations. The dashed black line is representative of the mechanical behavior of both thick AM 
Ti6Al4V samples (Material Data Sheet - SLM Ti6Al4V ELI, n.d.) and machined Ti6Al4V samples (Material Data Sheet - Ti6Al4V ELI, n.d.). 
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The quantitative results of the analyses reported in paragraphs 3.1 and 3.2 are summarized in Table 1. 

Table 1. Main results obtained from the morphological analyses and from the static tests for each samples batch. 

Quantity 45°-sample 60°-sample 90°-sample 

Density [g/cm3] 4.327±0.043 4.320±0.030 4.3240±0.031 

Gauge length [mm] 4.307±0.219 4.781±0.129 4.908±0.184 

Ra side 1 [µm] – Downskin 19.106±0.750 19.333±1.530 15.462±1.126 

Ra side 2 [µm] 18.028±1.625 19.886±2.961 15.157±0.766 

Ra side 3 [µm] 14.118±2.991 19.082±3.116 14.362±0.748 

Ra 4 side [µm] – Upskin 8.557±2.329 11.352±2.810 14.993±0.765 

Cross-section area [mm2] 0.276±0.011 0.253±0.005 0.221±0.011 

Elastic modulus [GPa] 72.9±2.3 70.2±2.2 69.1±2.8 

Yield Stress [MPa] 968.1±28.9 898.7±3.5 936.5±17.9 

3.3. Material characterization: preliminary fatigue tests 

The results of the fatigue tests and the reconstructed finite life fatigue curve of Wöhler diagram are shown in Figure 
4a. SEM images of the fracture surfaces are shown in Figure 4b. The tear zone (yellow dashed line) is located near 
the upskin surface for the 45°- and 60°-samples, while no preferential areas are identified for the 90°-samples. The 
red arrows indicate potential crack nucleation sites. 

 
 
 

 

 

 

 

 

 

Fig. 4. (a) Finite life fatigue curve of Wöhler diagram (alternating stress as function of the number of cycles) for 60°- and 90° samples. The 
dashed black line is representative of the mechanical behavior of thick AM Ti6Al4V samples (Pegues et al., 2018); (b) Fracture surfaces at the 
lower and higher load levels. The dashed yellow lines delineate the tear surfaces, while the red arrows indicate potential crack nucleation sites. 

4. Discussion and conclusions 

AM has been recognized with great potential in the personalized medicine industry. It is currently a well-established 
technology for the production of lattice-based orthopedic prostheses. The trabeculae involved in the lattice structures 
are characterized by small dimensions that approach the accuracy limit of AM technologies, hindering a high-fidelity 
manufacture of the structures with respect to the conceived model. Many works in the literature clearly state how the 
final AM product may present several defects, such as internal porosity and surface roughness. Based on this evidence, 
they aim to study the peculiarities of AM production by investigating geometry and mechanical behavior of the final 
product. However, very few works focused on the characterization of thin struts, and a comprehensive overview of 
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the 45°-sample and about 60% for the 90°-sample. The results of the profilometry analysis were analyzed by 
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build platform, while the latter is the 180°-opposite one. This distinction can be made for inclined samples, while no 
differentiation can be made for the vertical samples since no lateral surface faces the build platform. The relative 
difference between the downskin surface roughness and the upskin one was higher for the 45°-samples (the upskin is 
about 55% less rough than the downskin) with respect to the 60°-ones (the upskin is about 40% less rough as compared 
to the downskin). For both the 45°- and 60°-samples, the surface roughness of the other two surfaces fell within the 
range defined by the downskin and upskin surfaces. As for the 90°-samples, no significant differences were found for 
the four lateral views, and the average surface roughness fell within the range defined by the downskin and upskin 
surfaces of the 45°- and 60°-samples (Fig. 2c). Finally, the actual cross-section areas underrated the nominal one 
(0.283 mm2). The lower relative difference was found for the 45°-samples (3%), while the higher one for the 90°-
samples (20%). Besides the values, the shapes were observed. The mismatch from the nominal circular shape was 
found to increase as the sample inclination decreased. The 90°-samples exhibit an almost circular shape, the 45°-
samples a drop-like shape with the tip in the downskin surface, while the 60°-samples an intermediate shape (Fig. 2b). 
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3.2. Material characterization: static tests 

The results of the static tensile tests are reported in Fig. 3: for each batch, the average stress-strain curves out (Fig. 
3c) of three tests were derived from the experimental force-displacement (Fig. 3b) curves and were used for the 
calculation of the elastic modulus and the yield stress (Table 1). The tests performed on the same sample batches are 
repeatable, as shown by the slight standard deviation (vertical black lines) of both the force-displacement and stress-
strain curves. Moreover, no significant differences exist among the stress-strain curves for the different batches. 

 

 

 

 

 

Fig. 3. (a) Static tensile test; (b) Force-displacement curves recorded during the experiments: average values and standard deviations; (c) 
Simulation of the experiment with a detail of the displacement field in the gauge length and in the filler radii; (d) Stress-strain curves for the 
gauge length: average values and standard deviations. The dashed black line is representative of the mechanical behavior of both thick AM 
Ti6Al4V samples (Material Data Sheet - SLM Ti6Al4V ELI, n.d.) and machined Ti6Al4V samples (Material Data Sheet - Ti6Al4V ELI, n.d.). 
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The quantitative results of the analyses reported in paragraphs 3.1 and 3.2 are summarized in Table 1. 

Table 1. Main results obtained from the morphological analyses and from the static tests for each samples batch. 

Quantity 45°-sample 60°-sample 90°-sample 

Density [g/cm3] 4.327±0.043 4.320±0.030 4.3240±0.031 

Gauge length [mm] 4.307±0.219 4.781±0.129 4.908±0.184 

Ra side 1 [µm] – Downskin 19.106±0.750 19.333±1.530 15.462±1.126 

Ra side 2 [µm] 18.028±1.625 19.886±2.961 15.157±0.766 

Ra side 3 [µm] 14.118±2.991 19.082±3.116 14.362±0.748 

Ra 4 side [µm] – Upskin 8.557±2.329 11.352±2.810 14.993±0.765 

Cross-section area [mm2] 0.276±0.011 0.253±0.005 0.221±0.011 

Elastic modulus [GPa] 72.9±2.3 70.2±2.2 69.1±2.8 

Yield Stress [MPa] 968.1±28.9 898.7±3.5 936.5±17.9 

3.3. Material characterization: preliminary fatigue tests 

The results of the fatigue tests and the reconstructed finite life fatigue curve of Wöhler diagram are shown in Figure 
4a. SEM images of the fracture surfaces are shown in Figure 4b. The tear zone (yellow dashed line) is located near 
the upskin surface for the 45°- and 60°-samples, while no preferential areas are identified for the 90°-samples. The 
red arrows indicate potential crack nucleation sites. 

 
 
 

 

 

 

 

 

 

Fig. 4. (a) Finite life fatigue curve of Wöhler diagram (alternating stress as function of the number of cycles) for 60°- and 90° samples. The 
dashed black line is representative of the mechanical behavior of thick AM Ti6Al4V samples (Pegues et al., 2018); (b) Fracture surfaces at the 
lower and higher load levels. The dashed yellow lines delineate the tear surfaces, while the red arrows indicate potential crack nucleation sites. 

4. Discussion and conclusions 

AM has been recognized with great potential in the personalized medicine industry. It is currently a well-established 
technology for the production of lattice-based orthopedic prostheses. The trabeculae involved in the lattice structures 
are characterized by small dimensions that approach the accuracy limit of AM technologies, hindering a high-fidelity 
manufacture of the structures with respect to the conceived model. Many works in the literature clearly state how the 
final AM product may present several defects, such as internal porosity and surface roughness. Based on this evidence, 
they aim to study the peculiarities of AM production by investigating geometry and mechanical behavior of the final 
product. However, very few works focused on the characterization of thin struts, and a comprehensive overview of 
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their characterization is still lacking. Thus, the current study aimed to raise the main issues in the characterization of 
thin struts by proposing a pipeline fitting in the context of designing an orthopedic prosthesis. 

Starting from the morphological analyses, the samples density was measured to estimate the presence of internal 
pores. The results are in line with works that studied the influence of AM process parameters on the occurrence of 
defects in Ti6Al4V samples, finding an internal porosity of 1%-5% (Gong et al., 2015; Khorasani et al., 2019). 

As for the dimensional measurements, the discrepancy between the nominal and the actual length of the GL (more 
than 40%) is an issue not raised by the literature, despite its relevance in the material characterization. For instance, 
the authors of the current work did not question the effective GL in their recent work (Danielli, Berti, et al., 2023), 
leading to a misinterpretation of the experimental tests and a wrong calculation of the elastic modulus of the previously 
tested samples, which still belonged to the same batches of the specimens of the current study. On the contrary, the 
mismatch of the cross-section areas (5%-20% lower with respect to the nominal one) and the surface roughness (in 
the range of 14-17 µm) are evidence pointed out by the works in the literature (Murchio et al., 2021a), whose results 
are in line with the ones obtained in the current work. Moreover, these quantities are affected by the sample inclination 
with respect to the build platform. For instance, as the inclination decreases (e.g., 45°), the cross-section areas assume 
a "drop-like" shape, where the elongated portion is directed towards the build platform. Moreover, the difference in 
the surface roughness between the downskin and the upskin surfaces is more evident for lower-angle samples. Both 
evidences can be attributable to not optimal heat dissipation and gravitational force during the printing process. 

The results obtained from the morphological analyses highlight how the nominal model produced of an AM sample 
cannot be considered for further investigations, such as FE analyses, especially if its dimensions approach AM 
accuracy limit. Moreover, the morphology of the final product is strictly affected by the sample inclination with respect 
to the build platform.  

Looking at the static tests, the primary outcome was a decrease of about 40% for the elastic modulus with respect 
to both thick AM Ti6Al4V samples (Material Data Sheet - SLM Ti6Al4V ELI, n.d.) and machined Ti6Al4V samples 
(Material Data Sheet - Ti6Al4V ELI, n.d.): an average value of 70 GPa was obtained in contrast with 110 GPa-120 
GPa. The observed reduction is consistent with the literature findings (Danielli, Ciriello, et al., 2023; Dzugan et al., 
2018; Murchio et al., 2021a). For instance, both (Dzugan et al., 2018) and (Murchio et al., 2021b) characterized SLM 
Ti6Al4V samples (0.6 mm diameter), obtaining an elastic modulus of about 60 GPa and 80 GPa, respectively. Thus, 
it is possible to state that the results reported in the current work fall within the literature range. Finally, the authors 
did not find significant differences among the 45°-, 60°- and 90°-samples, suggesting that the print direction does not 
affect the elastic modulus. The wrong assumption on the dimension of the gauge length in (Danielli, Berti, et al., 2023) 
led to an apparent dependence of the elastic modulus from the inclination, which the current results have disclaimed.  

The results of the fatigue tests outlined a reduction of 20%-40% for the limit stress within 5∙104-105 cycles with 
respect to the results of (Nakatani et al., 2019; Pegues et al., 2018), in which SLM Ti6Al4V samples (3 mm-6 mm 
diameter) were tested. Moreover, the results of the current work agree with the study of (Murchio et al., 2021a), where 
the limit stress within 5∙104-105 cycles was about 100-180 MPa for 90°-samples (L-PBF Ti6Al4V samples with 0.6 
diameter). Looking at the SEM images of the fracture surfaces, it is reasonable to assume that for the 60°-samples, the 
tear zone is close to the upskin surface, while the source for the crack propagation is close to the downskin surface. 
On the contrary, the 90°-samples do not show specific areas as possible sources of crack nucleation. However, how 
the surface roughness affects the fatigue life of AM thin samples needs to be deeply investigated. 

To conclude, AM uncertainties in producing thin struts and their effect on the morphology and mechanical 
properties are currently unclear. The preliminary finding of the current study aimed to highlight the main related issues 
by proposing a methodology for their evaluation. Looking at the biomedical context, a deep insight into geometrical 
and material properties of these structures is crucial in view of correctly describing the mechanics of AM lattice-based 
prostheses. Moreover, this is an unavoidable task if FE models are used as predictive tools of the implants behavior. 
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their characterization is still lacking. Thus, the current study aimed to raise the main issues in the characterization of 
thin struts by proposing a pipeline fitting in the context of designing an orthopedic prosthesis. 

Starting from the morphological analyses, the samples density was measured to estimate the presence of internal 
pores. The results are in line with works that studied the influence of AM process parameters on the occurrence of 
defects in Ti6Al4V samples, finding an internal porosity of 1%-5% (Gong et al., 2015; Khorasani et al., 2019). 

As for the dimensional measurements, the discrepancy between the nominal and the actual length of the GL (more 
than 40%) is an issue not raised by the literature, despite its relevance in the material characterization. For instance, 
the authors of the current work did not question the effective GL in their recent work (Danielli, Berti, et al., 2023), 
leading to a misinterpretation of the experimental tests and a wrong calculation of the elastic modulus of the previously 
tested samples, which still belonged to the same batches of the specimens of the current study. On the contrary, the 
mismatch of the cross-section areas (5%-20% lower with respect to the nominal one) and the surface roughness (in 
the range of 14-17 µm) are evidence pointed out by the works in the literature (Murchio et al., 2021a), whose results 
are in line with the ones obtained in the current work. Moreover, these quantities are affected by the sample inclination 
with respect to the build platform. For instance, as the inclination decreases (e.g., 45°), the cross-section areas assume 
a "drop-like" shape, where the elongated portion is directed towards the build platform. Moreover, the difference in 
the surface roughness between the downskin and the upskin surfaces is more evident for lower-angle samples. Both 
evidences can be attributable to not optimal heat dissipation and gravitational force during the printing process. 

The results obtained from the morphological analyses highlight how the nominal model produced of an AM sample 
cannot be considered for further investigations, such as FE analyses, especially if its dimensions approach AM 
accuracy limit. Moreover, the morphology of the final product is strictly affected by the sample inclination with respect 
to the build platform.  

Looking at the static tests, the primary outcome was a decrease of about 40% for the elastic modulus with respect 
to both thick AM Ti6Al4V samples (Material Data Sheet - SLM Ti6Al4V ELI, n.d.) and machined Ti6Al4V samples 
(Material Data Sheet - Ti6Al4V ELI, n.d.): an average value of 70 GPa was obtained in contrast with 110 GPa-120 
GPa. The observed reduction is consistent with the literature findings (Danielli, Ciriello, et al., 2023; Dzugan et al., 
2018; Murchio et al., 2021a). For instance, both (Dzugan et al., 2018) and (Murchio et al., 2021b) characterized SLM 
Ti6Al4V samples (0.6 mm diameter), obtaining an elastic modulus of about 60 GPa and 80 GPa, respectively. Thus, 
it is possible to state that the results reported in the current work fall within the literature range. Finally, the authors 
did not find significant differences among the 45°-, 60°- and 90°-samples, suggesting that the print direction does not 
affect the elastic modulus. The wrong assumption on the dimension of the gauge length in (Danielli, Berti, et al., 2023) 
led to an apparent dependence of the elastic modulus from the inclination, which the current results have disclaimed.  

The results of the fatigue tests outlined a reduction of 20%-40% for the limit stress within 5∙104-105 cycles with 
respect to the results of (Nakatani et al., 2019; Pegues et al., 2018), in which SLM Ti6Al4V samples (3 mm-6 mm 
diameter) were tested. Moreover, the results of the current work agree with the study of (Murchio et al., 2021a), where 
the limit stress within 5∙104-105 cycles was about 100-180 MPa for 90°-samples (L-PBF Ti6Al4V samples with 0.6 
diameter). Looking at the SEM images of the fracture surfaces, it is reasonable to assume that for the 60°-samples, the 
tear zone is close to the upskin surface, while the source for the crack propagation is close to the downskin surface. 
On the contrary, the 90°-samples do not show specific areas as possible sources of crack nucleation. However, how 
the surface roughness affects the fatigue life of AM thin samples needs to be deeply investigated. 

To conclude, AM uncertainties in producing thin struts and their effect on the morphology and mechanical 
properties are currently unclear. The preliminary finding of the current study aimed to highlight the main related issues 
by proposing a methodology for their evaluation. Looking at the biomedical context, a deep insight into geometrical 
and material properties of these structures is crucial in view of correctly describing the mechanics of AM lattice-based 
prostheses. Moreover, this is an unavoidable task if FE models are used as predictive tools of the implants behavior. 
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1. Introduction 

Selective laser melting (SLM) is an additive manufacturing (AM) technology used to print functional parts from 
metallic powders using a high-energy laser beam. AM brings freedom in complex geometry and enhanced 
possibilities of design as bionic structures. Light structures can be produced by application of a lattice structure; see 
the review of Obadimu and Kourousis (2021). The fatigue properties of AM materials must be considered when 
evaluating materials for industrial use. Compared to the static tensile properties of the parts produced by AM, fatigue 
performance is less reported in recent research studies, especially in the low cycle domain; see Brandl et al. (2012) 
and Raja et al. (2022).  

The AlSi10Mg alloy is one of the most popular materials used in light structures produced by SLM and 
commonly used in the aviation and automotive industries due to its high heat resistance and fatigue properties, see 
Glodež (2020). Influence of scanning strategies on the stress-strain behavior and its prediction by a crystal plasticity 
model is studied for instance in Chakrabarty and Chakraborty et al. (2023). Crack propagation properties of 
additively manufactured AlSi10Mg were explored in Chakrabarty and Sahu et al. (2023). The possibility of heat 
treatment to reduce the residual stresses, that are natural in the AM process, keeping the cellular microstructure is 
studied by Měsíček et al. (2022).  

In computational fatigue analysis, the cyclic stress-strain curve is an important material characteristic, which is 
usually constructed by an approximation of stress peaks from low-cycle fatigue tests performed for particular 
(plastic) strain amplitudes. This paper shows a new possibility of estimating the cyclic stress-strain curve using full-
field data from optical measurement of strain on the curved part of the specimen. The first example of such an 
application was described by Halama et al. (2017). The procedure described in this study was applied to two 
proportional loading cases performed under tension-compression and pure torsion, and to the 90 degree out-of-phase 
axial-torsion test.  

 
 

Nomenclature 

𝑏𝑏0−3 parameters of the four-parametric approximation function 
G shear modulus 
𝑅𝑅 radius of the curved part of the specimen 
𝑌𝑌 coordinate of the DIC point in the 𝑌𝑌-direction 
𝑍𝑍 coordinate of the DIC point in the 𝑍𝑍-direction 
𝑌𝑌0, 𝑍𝑍0  optimized parameters 
𝜀𝜀1, 𝜀𝜀2, 𝜀𝜀3 principal strains 
𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 equivalent strain calculated according to von Mises 
𝜀𝜀𝑎𝑎𝑎𝑎, 𝛾𝛾𝑎𝑎𝑎𝑎 axial plastic strain amplitude, shear plastic strain amplitude 
𝜎𝜎𝑎𝑎, 𝜏𝜏𝑎𝑎  axial stress amplitude, shear stress amplitude 

 

2. Accelerated technique description 

The selective laser melting is an expensive manufacturing technology. The limitation in build space dimensions 
requires to carefully plan number of parts and their orientation. In anisotropy investigation, one needs a lot of 
specimens for monotonic and fatigue testing. Therefore, it is necessary to obtain maximum information from each 
test, and the accelerated technique of cyclic stress-strain curve estimation is very beneficial.  
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2.1. Main idea 

In a standard uniaxial strain-controlled fatigue test, the amplitude of the axial strain and the mean strain in the 
gauge part are kept constant throughout the fatigue test. However, in the rounded part, the cross-sectional area of the 
specimen is larger and that is why there are lower stress and strain magnitudes. The history of strain can be 
measured optically using the digital image correlation (DIC) method. A simplified illustration of this procedure is 
shown in Figure 1(a). Figure 1(b) shows two hysteresis loops for two selected points on the curved part of the 
sample. For evaluation, the axial stress is considered as a nominal stress in the given cross section and the axial 
strain corresponds directly to the Y-component of the Cauchy strain tensor. The upper hysteresis loop is an example 
of an extreme condition: the signal noise is significant; the stresses are low, and the plastic deformation does not 
develop significantly. The bottom hysteresis loop shows the result of material behaviour close to the gauge part of 
the specimen (the strain amplitude measured by an extensometer in the gauge part is 1.5%). By capturing the strain 
history and evaluating the peaks together with the stress, one can obtain a cyclic stress-strain curve of the material. 
However, some corrections are necessary to achieve good correlation with the conventional cyclic stress-strain 
curve, as will be shown within this paper. 

 

Fig. 1. Example of DIC measurement evaluation: (a) representation of several selected points on the curved part of the specimen; (b) each point 
corresponds to one hysteresis loop. 

2.2. Procedure 

In this work, Alpha software of the X-Sight company was used. However, any DIC software can be applied that 
enables capturing the history of the strain components. The basic procedure consists of the following steps:  

1) Determine the amplitude of the load in the middle of the life of the specimen. 
2) Create a network of points in the DIC software at which the components of the strain tensor will be calculated 

(marked as DIC points in the following text).  
3) Determine the positions of the DIC points on the curved part of the specimen in the given coordinate system 

and find the border between the gauge (cylindrical) part and the curved part (Fig. 2).  
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Fig. 2. Identification of the border between the gauge part and the curved part during the DIC measurement evaluation.  

The circle equation can be used to find the border between the gauge part and the curved part of the specimen: 

 𝑍𝑍𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑍𝑍0 + √𝑅𝑅2 − (𝑌𝑌 − 𝑌𝑌0)2    (1) 

where 𝑅𝑅 is the radius of curvature (R = 40 mm in our study), and 𝑍𝑍0, 𝑌𝑌0 are the optimized values (least squares). The 
plane 𝑍𝑍 − 𝑌𝑌 of the reference coordinate system should contain the specimen axis.  

4) Based on knowledge of the parameters describing the curved part DIC points by equation (1), assign the cross-
sectional characteristics to them. The stress amplitude is calculated as a nominal stress amplitude. 

5) Find the mid-life cycle and calculate the amplitude of the response variable (strain). It is noticed that each DIC 
point has a different quantity of strain amplitude. It is advisable to take into account the occurrence of multi-axial 
strain by calculating the equivalent strain value for each evaluated point, e.g. according to the von Mises hypothesis: 

𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒 = √2
3  √[(𝜀𝜀1 − 𝜀𝜀2)2 + (𝜀𝜀3 − 𝜀𝜀1)2 + (𝜀𝜀2 − 𝜀𝜀3)2]   (2) 

where 𝜀𝜀1, 𝜀𝜀2, 𝜀𝜀3  are principal strains. It is recommended to measure the strain field on both curved parts of the 
specimen and calculate the averaged strain amplitude. 
 

3. Experiments  

The AlSi10Mg is an aluminium alloy, which does not show a strain rate sensitivity. Based on the fact, two 
proportional loading cases and one nonproportional loading case were considered with a harmonic signal of strain.  
This helps to get more accurate evaluation of stress and strain amplitudes. In this contribution, the three fatigue tests 
will be described in detail, the rest of fatigue tests used in the conventional way of cyclic stress-strain curve 
determination will be described in a separate scientific paper. 

 

3.1. Specimens manufacturing 

The thin-walled tubular specimen was designed in accordance with the ASTM E2207 standard as shown in 
Figure 3. The outer diameter of the tubular specimen is 14 mm, while the inner diameter is 11.5 mm. The gauge part 
length was selected as 28 mm.  
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Fig. 3. Scheme of specimen geometry. 

For fabricating specimens, the Renishaw 3D printer, namely AM400 type, was used. All the specimens were 
tested in as-built state. The most important printing parameters used during the AM process are reported in Table 1. 
The 90° orientation of the sample indicates its position in the printer chamber during the production process. The 
specimens were printed with 350 W laser power, a scanning speed of 1150 mm·s-1 and a layer thickness of 30 µm. 
The 'Meander' scanning strategy was applied, which is the most used strategy for specimens with small cross-
sections. During fabrication, the chamber was filled with argon with purity 5.0 to prevent oxidation. The building 
platform was preheated to 170 °C to reduce residual stresses during the AM process. 

     Table 1. Printer setting parameters for the production of fatigue specimens. 

Specimens 
orientation 

3D printing  
strategy 

Laser  
power (W) 

Laser  
rate (mms-1) 

Layer  
thickness (µm) 

Preheating of building  
platform (°C) 

90° “meander” 350 1150 30 170 

3.2. Low-cycle fatigue testing 

All the three loading cases were realized using the Epsilon Tech 3550 biaxial extensometer for controlling the 
axial/shear strain in the gauge part (25 mm gauge length). Time-periods in the tension-compression and pure torsion 
tests were 6 s and 14 s respectively. In the non-proportional loading case, the strain rate was 1 %/s. Equivalent strain 
amplitudes in the middle-life were: 1.5 % (push-pull), 1.75 % (torsion) and 1.25 % (nonproportional). Two cameras 
with a resolution of 2.3 Mpx and a frame rate of 20 fps were used in a 3-D measurement arrangement. 

 

4. Results  

This chapter presents the results obtained by the accelerated fatigue test evaluation methodology. The resulting 
cyclic stress-strain curves are compared with the data obtained by conventional approach (ASTM E2207). 

 

4.1. Torsion case 

In the pure torsion case, the symmetric shear strain cycle generated the waveform of the response quantity 
(torque). The time history of torque in the mid-life of the specimen is shown in Fig.4(a), whereas the corresponding 
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hysteresis loop is highlighted in Fig.4(b). The line segment in the first quadrant of the loop determines the shear 
modulus G = 23651 MPa. 

(a)                                                                                                 (b) 

Fig. 4. (a) the torque waveform in response to the deformation load on the specimen; (b) the hysteresis loop corresponding to the 13th load cycle. 

The result of the proposed technique applied to the torsional fatigue test is shown in Fig.5, where the amplitude 
of shear strain vs the amplitude of shear stress is presented. In the same graph, the linear part (elastic domain) is 
represented by the shear modulus. The results of the evaluation of the stress-strain data from the upper and the 
bottom parts of the specimen correlate very well with the conventional cyclic stress-strain curve (evaluated 
accordingly with the ASTM 2207 standard). 

 

Fig. 5. Cyclic strain curve for the case of symmetric torsional loading obtained by DIC measurements on the curved part of the specimen.  

The Fig.5 shows that the first few points with the lowest stress value lie in the elastic region of deformation. 
Consequently, a fairly good agreement with the results obtained by the conventional method on cylindrical 
specimens can be seen. 

4.2. Tension-compression case 

From the test machine recordings in the push-pull case, the force versus time dependence is available as shown in 
Fig.6(a). The 11th cycle, which corresponds to the half-life of the specimen, is highlighted in the same figure. 
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(a)                                                                                                 (b) 

Fig. 6. Results of tension-compression fatigue test: (a) the axial force time-history; (b) the hysteresis loop corresponding to the 11th load cycle. 

Fig. 6(b) shows the shape of the hysteresis loop corresponding to the 11th load cycle, for which the axial strain 
was determined using the extensometer. From the stable hysteresis loop, the amplitude of the axial stress and the 
amplitude of the axial strain can be determined and thus a single point on the cyclic strain curve can be obtained, see 
Fig. 7.  

 

Fig. 7. Cyclic stress-strain curve of tension-compression case corrected for the effect of multi-axial strain. 

It is worth noting that the curve for the upper and lower part of the specimen was obtained from a single fatigue 
test. Each point in the 'conventional method' corresponds to a fatigue test performed under a specific level of strain 
amplitude. 

4.3. Nonproportional loading case 

The waveforms of the loading quantities for the tension-compression/torsion loading are harmonic and are offset 
by 90° from each other. The test was set so that the amplitude of the equivalent strain was 1.25 % and the shape of 
the load path was circular. When the axial force reaches its maximum/zero value, the torque has a zero/minimum 
magnitude (phase shift 90°). This fact can be exploited, and the test can be independently evaluated at these specific 
time points, regardless of the existence of biaxial tension. Fig. 8(a) shows a comparison of the results obtained from 
the DIC (axial stress) with the results of the fatigue tests obtained conventionally. Again, the results for the upper 
and lower curved parts of the specimen are shown. The approximation in this case is made by using a non-linear 
function of Chaboche type. The approximation function has the following form  

𝜎𝜎𝑎𝑎(𝜀𝜀𝑎𝑎𝑎𝑎) = 𝑏𝑏0 + 𝑏𝑏1𝜀𝜀𝑎𝑎𝑎𝑎+𝑏𝑏2(1 − 𝑒𝑒−𝑏𝑏3𝜀𝜀𝑎𝑎𝑎𝑎) ,   (3) 

where bi (i = 0, 1, 2, 3) are the unknown parameters optimised by a non-linear least squares method, 𝜎𝜎𝑎𝑎 is the stress 
amplitude and 𝜀𝜀𝑎𝑎𝑎𝑎  is the axial plastic strain amplitude. The results obtained for the shear stress component are 
shown in Fig. 8(b). The approximation by a nonlinear function is denoted here as "DIC, upper/bottom part approx.". 
The "DIC, averaged" mark then shows the resulting cyclic stress-strain curve obtained by the proposed technique. 
The parameters obtained from the approximation function (3) considering the axial / shear stress and strain 
components are summarised in Table 2.  

     Table 2. Resulting parameters of the approximation of the cyclic stress-strain curve for the 90° out of phase test. 
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Component b0 [MPa] b1 [MPa] b2 [MPa] b3 [-] 

axial 166.7 5929.9 100.8 436.6 

shear 126.0 9914.3 105.5 1731.9 

                                           (a)                                                                                           (b) 

Fig. 8. Cyclic stress-strain curve reconstructed considering (a) the axial strain; (b) the shear strain.  

5. Conclusions  

The paper presents the accelerated fatigue testing procedure in terms of obtaining multiple points of the cyclic 
stress-strain curve from a single experiment using an optical method. The procedure was presented in three loading 
cases performed on an AlSi10Mg alloy prepared by selective laser melting technology. The best candidate for wide 
application of the accelerated technique in technical practice is the digital image correlation (DIC), which is the most 
popular optical method in mechanics and was successfully applied in this study. The resulting cyclic stress-strain 
curves correlate very well with the conventional ones. In the case of the nonproportional loading, the axial as well as 
shear component of stress/strain can be considered with comparable results. The technique is not limited just to the 
fatigue area; it can be beneficially applied to creep testing of various materials as described in Halama et al. (2022). 
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Abstract 

Additive Manufacturing (AM) has shown rapid development during the last decades. More commonly known as 3D printing, this 
technology offers significant benefits for the fabrication of physical models with complex geometries. This technology started as a 
valuable tool for prototyping purposes but is considered for general manufacturing due to the production cycle shortening and less 
(if none) material waste. Out of seven possible AM technologies, this research covers three of them, namely: Fused Deposition 
Modeling (FDM), Stereolithography (SLA), and Digital Light Processing (DLP). Although, ABS thermoplastic material is a 
thoroughly researched AM material, a new resin material also called ABS is an interesting object for research. Hence, the aim of 
this paper is to acquire the tensile properties of this material and to compare them to the “original” ABS thermoplastic material. 
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1. Introduction 

All Additive Manufacturing (AM) technologies share a bottom-up approach to manufacturing, i.e., an object is built 
“from scratch” until it’s finished in a layer-by-layer manner. 

According to the ISO/ASTM 52900:2021 standard, there are seven types of AM technologies: 
• Material extrusion, the most well-known technology is Fused Deposition Modeling (FDM), 
• Vat photopolymerization, covers many sub-types such as Stereolithography (SLA) and Digital Light 

Processing (DLP), 
• Powder bed fusion, the technology uses more robust machines and the most utilized sub-types are Selective 

Layer Sintering (SLS) and Selective Laser Melting (SLM), 
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• Directed Energy Deposition (DED), 
• Material jetting, 
• Binder jetting, and 
• Sheet lamination. 
 

Nomenclature 

AM Additive manufacturing 
FDM  Fused Deposition Modeling 
SLA Stereolithography 
DLP Digital Light Processing 
ABS Acrylonitrile Butadiene Styrene 

 
Generally, the most used AM technologies are Material extrusion and Vat photopolymerization, mostly due to 

machines’ low cost and accessibility of build material. For this research, FDM, SLA, and DLP technologies were 
selected precisely because of the availability of these AM technologies. When it comes to AM of polymer materials, 
FDM is one of the most utilized technologies where thermoplastic material in the filament form is melted and extruded 
through a hot nozzle onto a build platform forming an object in a layer-by-layer manner (Ngo et al., 2018; Samykano 
et al. 2019; Milovanović et al., 2022). For the utilization of liquid photo-reactive resins, SLA is the most frequently 
used AM technology. Here, photosensitive liquid resin is cured by a UV light laser beam (Voet et al., 2018). Next, 
DLP also belongs to Vat photopolymerization AM technology as SLA but, the difference is in the light source. Namely, 
in contrast to SLA the whole surface of the photopolymer resin vat meant for the light entry is exposed in a single pass 
(Shah et al., 2020). 

AM technologies depend on CAD model creation, and most of the technologies need a CAD model in a so-called 
“STL” file format (abr., Standard Tessellation Language), to be then used in a dedicated slicer software for AM process 
preparation. The chosen parameters have an influence on final object properties, such as dimensional accuracy, surface 
roughness, mechanical properties, etc. Most of the technologies share the same parameters: the thickness of the printed 
layer, build and raster orientation, supporting material addition (for object support during AM process), laser speed 
and intensity, and post-processing techniques (Abeykoon et al., 2020).  

The range of applications and possibilities that arise from AM are broadly diverse, leading to the introduction of 
more materials. As well as with “old” materials, proper characterization of a new material must be performed and 
compared with already available materials to estimate the benefits, if possible. In FDM, besides Polylactic Acid (PLA) 
material Acrylonitrile Butadiene Styrene (ABS) is mostly used thermoplastic polymer. Compared to other FDM 
materials, ABS stands out with good mechanical properties, but it lacks dimensional accuracy, due to unwanted 
material shrinking during the cooling process after extrusion. Also, ABS is a more polluting material emitting an 
unpleasant odor during an AM process (Ngo et al., 2018; Milovanović et al., 2019). Except for FDM use where the 
material is in the form of a filament, there is also a parallel material in the form of a resin. This “ABS-like” resin 
material is available both in SLA and DLP technologies. Applications may cover the production of objects with 
moderate detail performance, high strength, and in-total satisfactory functionality (Zhu et al., 2020). 

In engineering, polymer materials may find proper use hence, novel research activities search for different polymer 
mixtures and types in order to achieve desired mechanical properties of AMed objects. The aim of this particular 
research is to tensile test this new “ABS-like” resin material and to compare it with standard thermoplastic ABS. In 
addition to mechanical tests, topography observation using optical microscopy is conducted. 

2. Methodology 

ABS and ABS resin specimens for tensile testing were prepared according to the ISO 527-2 standard (see Fig. 1). 
Five specimens were prepared for each AM technology, to achieve sufficient repeatability. FDM specimens were 
AMed on a Creality CR-10 Smart Pro machine (Shenzen, China), and ABS-like resin specimens were made on an 
SLA (Kings 600 Pro, Shenzen, China) and DLP machine (Creality LD-002R, Shenzen, China). FDM and DLP 
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machines are desktop versions, unlike the industry-grade SLA machine used here. Another research output here is the 
comparison of the industrial-grade machine with desktop ones. Printing properties were set to be as similar as possible 
hence, specimens were fabricated with 100% infill density, with a grid infill pattern, and with a 90° orientation of 
rasters. All tensile tests had the same conditions, i.e., they were tested at room temperature (around 23℃) and relative 
humidity of 55%. 

 

Fig. 1. Specimen geometry according to the ISO 527-2 standard (dimensions in mm).. 

Tensile tests were performed on the Shimadzu AGS-X machine (Shimadzu Corp., Kyoto, Japan) equipped with a 
load cell of 100 kN capacity. The testing speed was set to 1 mm/min. Optical 2D and 3D microscopy were utilized 
after conducting tensile tests, on laboratory-grade 3D Digital Video Microscope KH-7700 (Hirox, Tokyo, Japan). 

3. Results and Discussion 

ABS material represents the toughened modification of styrene-acrylonitrile (SAN) copolymer, where toughening 
is achieved by adding the sub-microscopically small rubber particles in the coherent brittle SAN matrix (Grellmann 
et al., 2001). The amount and manner of dispersion of those particles have a direct influence on the morphology and 
materials’ mechanical properties. It is already well-known that ABS resins share time-dependent behavior, i.e., their 
mechanical properties are influenced by the straining rate, as well as by the volume of rubber content (Bernal et al., 
1995). 

All tested specimens, from both of the stated materials, exhibited brittle fracture behavior (see Fig. 2, upper level). 
Further 2D and 3D optical microscopy analysis was conducted for topography and morphology observation. Taken 
images showed different textures, depending on applied printing regimes (see Fig.2, Middle and Lower level). One of 
the purposes of the utilization of optical microscopy is to find any defects, which would be proof of irregularities and 
abruptions in specimens’ integrity. 

On the FDM fracture surface, there is a considerable size difference in the present internal gaps, located between 
printed raster lines. Such a gap size inconsistency refers to uneven intra- and inter-layer bonding in the structure. This 
anisotropy of FDM specimens is shown in the leftmost 2D image in Fig. 2, Middle level. Naturally, when the 
surrounding gaps are bigger in size, the raster lines are more visible. The other two 2D images in Fig. 2, Middle level, 
show expected similarities in fracture surface structure on both Vat photopolymerization AM technologies. As one 
can see in all 2D images from Fig. 2- Middle level, there is a major difference in resolution and accuracy of both Vat 
photopolymerization AM technologies in contrast to FDM one.  

Fig. 2- Lower level is dedicated to 3D images: here, in the leftmost image one can see the two-level fracture surface 
on FDM specimens. FDM specimen’s 3D image gives a better insight into the fracture morphology where one can 
clearly see two predominately flat surfaces, separated by a ridge. This particular ridge reveals the location of probable 
low inter-layer bonding, which caused the separation between layers. From the 3D image, it is visible that the highest 
deformation is present at the ridge peak. Namely, after the inter-layer separation the closest layers receive higher loads. 
Hence, the highest level of ductile deformation is cited all along the ridge edge. 
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Fig. 2. Upper - Images of ISO 527-2 fractured specimens: a) FDM; b) SLA; c) DLP; 
Middle - 2D micrographs: d) FDM; e) SLA; f) DLP; 

Bottom - 3D micrograph: g) FDM; h) SLA; i) DLP (Golubović et al., 2023). 

Unlike FDM, the fracture surfaces in SLA and DLP specimens are principally flat. In Fig. 2 (Middle level), the 
second 2D image is dedicated to SLA: here, the fracture surface is flat except for the left side where the polymer 
material was pulled upward for 200 μm. A better visualization of the stated can be seen on the 3D image of the SLA 
fracture surface, placed one image below (see Fig. 2, Lower level). Due to different refraction from the fracture surface 
in the 2D image, one can assume that the ductile fracture is present on most of the specimen, except for the pulled 
small portion of the material, where it experienced a brittle fracture. Images dedicated to DLP specimens are placed 
on the right-hand side in Fig. 2. The brittle fracture is present on the whole fracture surface, see 2D image (Fig. 2, 
Middle level). Apart from the nature of the fracture, one can also see the bubbles scattered all over the fracture surface. 
The irregularities in shape and size of the bubbles are better visualized in the 3D image (Fig. 2, Lower level). From 
the 2D image, it is also noticeable that the outer surface has a different appearance from the interior: namely, due to 
the post-curing of the specimens via LED lamps it is apparent that the outer surface is better polymerized that the 
specimen’s inside. The size of the bubbles is in order of 240 microns (see 3D image). The origin of bubbles is from 
the shaking of the resin in the bottle, right before pouring the liquid into the vat. Due to the lower energy of the UV 
light source in DLP, not all the bubbles disappeared during the AM process, i.e., some got trapped inside the cured 
resin. 

Fig. 3 represents the engineering stress-strain interpretation of all the tensile results. In order to show the 
repeatability of the results, the three diagrams are meant to show all the curves from tested batches. Here, one can see 
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that the repeatability of DLP results (Figure 3 c) is not representative. This may refer to the overall lower quality of 
the DLP process (in comparison with SLA in Figure 3 b, for example). 
 

a)  

b)  

c)  

Fig. 3. The comparison between engineering stress-strain curves for ABS: a) FDM, b) SLA and c) DLP printed specimens. 
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Tensile results from both standard ABS and ABS resin material, using these three mentioned AM technologies, 
vary significantly (see Fig. 4). In general, AM parts obtained from the extrusion process have overall better mechanical 
properties than parts created from the polymerization of resin material. But SLA specimens here have higher UTS 
than FDM ones. However, DLP tensile results show lower UTS than FDM’s (see Figs. 3 and 4). This advantage of 
SLA can be explained by finer materials’ structure due to higher UV laser energies during the AM process. On the 
other hand, the lower energy of LCD projected UV light and the existence of bubbles in the resin created highly 
anisotropic DLP specimens. Hence, the UTS values significantly depend upon the AM technology utilized, even 
though the material is the same. Here, the SLA proved to be better than the other two AM technologies (see Fig. 3). 
Regarding the elastic modulus, the SLA values are quite similar to the FDM ones. This statement may be visualized 
as the overlap of both average curves in their linear regions (see Fig. 3). However, the DLP’s elastic modulus is 
distinctly lower. Quantitative values of elastic modulus are shown in Fig. 4. DLP has proven that it is a better option 
regarding the maximum strain and elongation at break (see Fig. 4). Their overall elongation is more than double in 
value, compared to the other two observed AM technologies. Hence, the DLP is sufficiently tougher although the 
material used is the same photosensitive resin as in the SLA process. One may conclude that the utilized AM 
technology has an effect on overall strain values. 
 

a) b)  

Fig. 4. a) Elastic modulus and UTS chart, and b) maximum strain and elongation at break chart. 

The absorbed energy during the tensile process was also monitored here. Worth pointing out is that this absorbed 
energy is interpreted as an area underneath the stress-strain diagrams from Fig. 3. Hence, DLP’s value is approx. 1.09 
J while the value for SLA and FDM are 0.43 J and 0.73 J, respectively. Therefore, this information goes along with 
the fact that DLP’s can strain more than the other two. This may also be influenced by the post-printing process that 
DLP specimens underwent. As additional info, the DLP specimens appeared more rubber-like when touched than the 
SLA ones. 

4. Conclusions 

Both tensile properties and fracture surface morphology of standard ABS filament and novel resin material has 
been analyzed, leading to a more comprehensive understanding of the differences between the two. In tensile tests, all 
the tested materials experienced predominantly brittle behavior upon fracture. FDM and SLA have been shown to 
have similar elastic modulus, with quantitative values around 2.2 GPa. The presence of bubbles in DLP specimens 
has shown its effect on the elastic modulus namely, these defects decrease the property value. Regarding UTS, the 
SLA has proven to be the best AM technology of the monitored three. One should not forget that the SLA device used 
here is an industry-grade machine, in contrast to desktop FDM and DLP devices. However, the DLP has higher overall 
elongation and higher total energy absorption.  
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The general conclusion is that ABS resin material has shown its benefits in comparison with well-known standard 
ABS material used in FDM technology. Depending on the Vat photopolymerization technology used, the ABS resin 
material may offer higher elongation and energy absorption or it can exhibit higher strength. In that sense, SLA 
technology provides AM parts with better tensile strength, while DLP enables tougher components. 
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Abstract 

      In this work, transient thermomechanical analysis of the laser-based Directed Energy Deposition (DED) process was carried 
out to predict melt pool dimensions, thermal cycles and residual stress during Titanium Aluminide (TiAl) plate deposition. The 
predicted melt pool length, width, and depth increased as the laser power was increased from 250 W to 350 W at a constant travel 
speed of 15 mm/s. The melt pool length increased from 0.425 mm to 0.55 mm, while the depth increased from 0.1 to 0.29 mm, and 
the width increased from 0.412 to 0.5 mm. The plate's edges (tracks 1 and 6) were found to experience a slightly higher temperature 
than the middle tracks, which may contribute to higher thermal gradients at the edges. The highest Principal stress of 140 MPa was 
found in track 1. The magnitude of Principal stresses diminished as track deposition progressed from track 2 to 6 due to the variation 
of the thermal gradient along the tracks. 
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Aided Design (CAD) file is used to build a prototype or fully functional components without fixtures and tooling, 
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unlike traditional manufacturing processes. MAM is based on depositing the parts by layer-by-layer of material 
addition. The component or part is created layer-by-layer; the next layer is deposited over the previously deposited 
under the heat or chemicals (Bandyopadhyay, 2016). MAM technologies such as Directed energy deposition (LENS, 
DMD, DM3D, Beam, etc.) and Powder Bed Fusion (SLM, DMLS, Renishaw, SLS, Trumpf etc.,) processes have 
revolutionised the manufacturing business in recent times (Diepold et al., 2020). However, MAM technologies face 
several technological problems, such as limited choice of materials, slow process speed, lack of available industrial 
standards, accuracy and reliability (Bhavar et al., 2017). MAM uses a laser or electron beam or plasma as a heat source 
to melt the powders during material layer-upon-layer deposition. DED techniques such as Laser Engineered Net 
Shaping (LENS) use a laser to melt the powders coming from the nozzles. Where a focused laser beam creates the 
melt pool on the substrate. Then the powders are injected into the melt pool (powder size is between 40 to 150 µm) 
via nozzles (Liu Weiping and John DuPont, n.d.). The series of beads (solidified melt pools) result in a layer. A 
successive layer is deposited by incrementing the laser head in the z-axis by a layer thickness. DED processes involve 
complex thermal behaviour in each melting pool and in the layers. The melt pool and thermal history significantly 
affect the microstructure, mechanical properties, residual stress, and distortion of the end part. To understand all these 
intrinsic variables, researchers have carried out a thermomechanical analysis of the DED process on the deposited 
parts (Balichakra et al., 2016; Hazarika et al., 2016; Kamara et al., 2011; Marimuthu et al., 2013; Roberts et al., 2009, 
2012). Thereby eliminating the number of experiments required for the deposition of the TiAl parts (Balichakra et al., 
2019; Bandyopadhyay & Traxel, 2018; Manvatkar et al., 2011). The LENS processes various materials such as 
titanium alloy, H13 tool steel, stainless steel, composites etc.(Murr et al., 2009; J. Wang et al., 2019; L. Wang et al., 
2008). Neela et al. (2009), carried out process modelling of the LENS process. They study the influence of process 
parameters on thermal behaviour, mechanical properties, and build quality. This study concluded that overheating of 
the top layers can be avoided by reducing the heat input during the deposition of these layers. Manvatkar et al. (2011), 
carried out a 3D transient thermal finite element analysis to predict cooling rates, thermal cycling during deposition, 
and melt pool dimensions. The predicted temperatures were used to correlate with the hardness of the sample. Pratt et 
al. (2008) investigated the residual stress development in LENS-deposited samples both numerically and 
experimentally. The specimens were deposited at different laser powers, scan speeds and powder feed rates. Their 
investigation showed that laser velocity does not contribute significantly to residual stress development, while laser 
power strongly influences residual stress development. The melt pool and temperature prediction in the DED process 
were reported. The melt pool size at the edges is more significant than inside the wall (Mallikarjuna et al., 2021). 
Several researchers reported predicting the melt pool, thermal cycles, residual stress, and distortion in the directed 
energy deposited parts (Abdullah & Anwar, 2020; Hajializadeh & Ince, 2020; Mallikarjuna & Reutzel, 2022; Shen & 
Chou, 2012; Zhang et al., 2016).  

     Towards this end, the current work presents result of the thermomechanical modelling of directed energy deposited 
γ-TiAl plate geometries. This work attempted to predict the melt pool, thermal history and residual stress in γ-TiAl 
plate geometries. 

2. Methodology 

2.1 Thermomechanical analysis 
 
      This work uses a sequencing method to simulate the thermomechanical analysis. First, the transient thermal 
analysis is carried out to predict the temperatures. Secondly, mechanical analysis is carried out by importing body 
temperatures (through LDREAD) from thermal analysis. For both the analysis, necessary initial conditions, material 
properties and boundary conditions were used. To perform the thermomechanical analysis, ANSYS macros are 
created, which consist of necessary elements, boundary conditions and properties. Finally, results are extracted from 
thermal and mechanical analyses such as temperature history, melt pool and stresses, respectively. The Coupled field 
scheme of thermo-mechanical analysis is represented in Fig 1. The material properties, boundary conditions, and 
governing equations are found elsewhere (Balichakra et al., 2019). The thermomechanical analysis was carried out 
for the plate geometry. The details of the process parameters used are presented in Table 1. 
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unlike traditional manufacturing processes. MAM is based on depositing the parts by layer-by-layer of material 
addition. The component or part is created layer-by-layer; the next layer is deposited over the previously deposited 
under the heat or chemicals (Bandyopadhyay, 2016). MAM technologies such as Directed energy deposition (LENS, 
DMD, DM3D, Beam, etc.) and Powder Bed Fusion (SLM, DMLS, Renishaw, SLS, Trumpf etc.,) processes have 
revolutionised the manufacturing business in recent times (Diepold et al., 2020). However, MAM technologies face 
several technological problems, such as limited choice of materials, slow process speed, lack of available industrial 
standards, accuracy and reliability (Bhavar et al., 2017). MAM uses a laser or electron beam or plasma as a heat source 
to melt the powders during material layer-upon-layer deposition. DED techniques such as Laser Engineered Net 
Shaping (LENS) use a laser to melt the powders coming from the nozzles. Where a focused laser beam creates the 
melt pool on the substrate. Then the powders are injected into the melt pool (powder size is between 40 to 150 µm) 
via nozzles (Liu Weiping and John DuPont, n.d.). The series of beads (solidified melt pools) result in a layer. A 
successive layer is deposited by incrementing the laser head in the z-axis by a layer thickness. DED processes involve 
complex thermal behaviour in each melting pool and in the layers. The melt pool and thermal history significantly 
affect the microstructure, mechanical properties, residual stress, and distortion of the end part. To understand all these 
intrinsic variables, researchers have carried out a thermomechanical analysis of the DED process on the deposited 
parts (Balichakra et al., 2016; Hazarika et al., 2016; Kamara et al., 2011; Marimuthu et al., 2013; Roberts et al., 2009, 
2012). Thereby eliminating the number of experiments required for the deposition of the TiAl parts (Balichakra et al., 
2019; Bandyopadhyay & Traxel, 2018; Manvatkar et al., 2011). The LENS processes various materials such as 
titanium alloy, H13 tool steel, stainless steel, composites etc.(Murr et al., 2009; J. Wang et al., 2019; L. Wang et al., 
2008). Neela et al. (2009), carried out process modelling of the LENS process. They study the influence of process 
parameters on thermal behaviour, mechanical properties, and build quality. This study concluded that overheating of 
the top layers can be avoided by reducing the heat input during the deposition of these layers. Manvatkar et al. (2011), 
carried out a 3D transient thermal finite element analysis to predict cooling rates, thermal cycling during deposition, 
and melt pool dimensions. The predicted temperatures were used to correlate with the hardness of the sample. Pratt et 
al. (2008) investigated the residual stress development in LENS-deposited samples both numerically and 
experimentally. The specimens were deposited at different laser powers, scan speeds and powder feed rates. Their 
investigation showed that laser velocity does not contribute significantly to residual stress development, while laser 
power strongly influences residual stress development. The melt pool and temperature prediction in the DED process 
were reported. The melt pool size at the edges is more significant than inside the wall (Mallikarjuna et al., 2021). 
Several researchers reported predicting the melt pool, thermal cycles, residual stress, and distortion in the directed 
energy deposited parts (Abdullah & Anwar, 2020; Hajializadeh & Ince, 2020; Mallikarjuna & Reutzel, 2022; Shen & 
Chou, 2012; Zhang et al., 2016).  

     Towards this end, the current work presents result of the thermomechanical modelling of directed energy deposited 
γ-TiAl plate geometries. This work attempted to predict the melt pool, thermal history and residual stress in γ-TiAl 
plate geometries. 

2. Methodology 

2.1 Thermomechanical analysis 
 
      This work uses a sequencing method to simulate the thermomechanical analysis. First, the transient thermal 
analysis is carried out to predict the temperatures. Secondly, mechanical analysis is carried out by importing body 
temperatures (through LDREAD) from thermal analysis. For both the analysis, necessary initial conditions, material 
properties and boundary conditions were used. To perform the thermomechanical analysis, ANSYS macros are 
created, which consist of necessary elements, boundary conditions and properties. Finally, results are extracted from 
thermal and mechanical analyses such as temperature history, melt pool and stresses, respectively. The Coupled field 
scheme of thermo-mechanical analysis is represented in Fig 1. The material properties, boundary conditions, and 
governing equations are found elsewhere (Balichakra et al., 2019). The thermomechanical analysis was carried out 
for the plate geometry. The details of the process parameters used are presented in Table 1. 
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Fig. 1. Simulation scheme used for thermal and structural analysis of plate in ANSYS software 

Table 1. Process parameters considered 

Process parameter  Value  
Layer height, Length of layer (mm) 0.25 mm, 20 mm 

No. of tracks, Width of each track (mm) 6, 0.5 mm 
Laser beam diameter and Overlap percentage (mm) 0.5 mm, 0% 
Laser power (W) 250, 300, 350 
Travel speed (mm/s) 10, 15, 20 
Scanning pattern Bidirectional 

3. Results and discussions  

3.1 Effect of laser power and travel speed on melt pool dimensions  
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Fig. 2. Predicted melt pool top and cross-sectional view while deposiiton of layer 2 and track 3 at constant velocity (V) = 15 mm/s and different 
laser power (a) and (b) 250 W; (c) and (d) 300 W; (d) and (e) 350 W (Mallikarjuna, 2020)

      Fig.2. Shown the melt pool FE contours predicted for varying laser power at constant travel speed. The red colour 
in the melt pool contour indicates the molten region where the liquidus temperature is greater than the 1460 °C of the 
TiAl material. The melt pool length, width, and depth increased as the laser power was increased from 250 W to 350 
W at a constant velocity of 15 mm/s. The melt pool length increased from 0.425 mm to 0.55 mm, while the depth 
increased from 0.1 to 0.29 mm, and the width increased from 0.412 to 0.5 mm. This increase in melt pool dimensions 
with the increase in laser power can be attributed to the higher energy available at increasing powers to melt the 
powder. However, melt pool size (length, width, and depth) decreased for varying travel speeds (10, 15, 20 mm/s) at 
a constant laser power of 300 W. This can be attributed to the fact that the powders were less exposed under the laser.  
 
3.2 Thermal cycling during deposition of plate 
 

 
 

Fig 3. (a) and (c) Peak thermal history in tracks and layers of the plate for P = 300 W, V = 15 mm/s and (b) and (d) 
Locations used to extract temperatures of respective tracks and layers (Mallikarjuna, 2020). 
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     The thermal history of the six tracks as a function of time for bidirectional scanning is shown in Fig. 3(a). It can be 
observed that the peak temperature in the plot is 2176 °C in track 1 (From Fig. 3(a)). The temperature then attains a 
uniform average temperature of 1826 °C in the middle tracks (2, 3, 4, and 5). However, in the last track (track 6), the 
temperature increases to 1899 °C. It can be seen that the edges experience a slightly higher temperature than the 
middle tracks and this may contribute to higher thermal gradients at the edges.  

3.3 Influence of laser power and travel speed on residual stress distribution in the plate 

      The effect of laser power on the first Principal stress for the bidirectional scan was investigated. The Principal 
stress increases from 196 to 237 MPa with increased laser power (250 to 350 W) at a constant travel speed (15 mm/s). 
This is because the high laser power induces higher thermal gradients in the plate. Similarly, the effect of travel speeds 
at constant laser power on the first Principal stress for a bidirectional scan was studied. The Principal stress slightly 
decreases from 239 to 215 MPa as the travel speed increases from 10 to 20 mm/s at a constant laser power of 300 W. 
The lower exposure time reduces the thermal gradients. It can be concluded that the laser power has shown more 
dominance in the magnitude of residual stress formation than the travel speed.   

4. Conclusion 

 
     The computational modelling of directed energy deposition of TiAl plate geometries was carried out. The results 
indicate that the melt pool dimensions increased as the laser power increased from 250 to 350 W and decreased as the 
travel speed increased from 10 to 20 mm/s. The edges of the plate experienced slightly higher temperatures (track 1-
2176 ℃ and track 6-1899 ℃) than the middle tracks. The Principal stress slightly decreases from 239 to 215 MPa as 
the travel speed increases from 10 to 20 mm/s at a constant laser power of 300 W. The lower exposure time reduces 
the thermal gradients. The laser power has shown more dominance over the magnitude of Principal stress formation 
than the travel speed. 
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Abstract 

Fused Deposition Modelling (FDM) is the most accessible additive technology nowadays, because it combines the low cost and 
simplicity of the machine with the low cost and availability of the thermoplastic polymers. This class of polymers are however 
limited and in order to increase the application range of the products, mixing polymeric matrix with various fillers can be a 
solution. 
The purpose of this study is to identify the effect of the functional fillers incorporated in PLA thermoplastic on the mechanical 
properties of the obtained components. In addition, the layer orientation in relation to the loading direction will be considered as 
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1. Introduction 

Due to the possibility of obtaining complex parts with a high dimensional precision, additive manufacturing 
(AM) technology has gained a lot of attention in recent years compared to traditional technologies [1-3]. Among the 
AM technologies, the Fused Deposition Modelling (FDM) process is by far the most developed and used process 
[4]. This aspect is due to the friendly handling, low costs, acceptable precision and high properties of the printed 
components [5, 6]. FDM works with many thermoplastic materials, however, the most used is polylactic acid (PLA) 
[7]. 

The integration of the agricultural by-products in PLA filaments was approached by Calì et al [8]. The natural 
fillers in the biocompatible matrix opens the possibility of filaments to be used in biomedical field. The hemp and 
hemp inflorescences mixture in PLA matrix provide to the new composite significant improvements in elastic 
properties and density.  

The changings in hardness, density, tensile strength and melting temperature were presented by Lohar et al [9] in 
accordance to the addition of bio fillers in the PLA matrix. The wall nut shell powder, egg shell powder, white 
marble powder and combination of those were used as fillers in PLA matrix, producing composites that impact the 
properties of PLA. One of the most impacted properties are the elongation at break and the hardness of the new 
composites. These properties are enhanced by the presence of the bio fillers.  

Mei-Po et al [10] conduct tensile, flexural and impact properties of PLA reinforced with bamboo charcoal for 
food storage applications. An important aspect was observed, regarding the mechanical properties: the properties 
increase until a threshold value of 7.5 wt.% charcoal particles is reached, leading to the necessity of limiting the 
percentage of filler in mixture.  

Graphite was used as filler in PLA polymer matrix by Zerankeshi et al [11]. Acting as a reinforcement phase, the 
composite exhibit significant better printability and mechanical properties. Also, the thermal properties of the PLA-
graphite mixture were enhanced in comparison with untainted PLA. Some authors develop mathematical models of 
failure probability of PLA with and without fillers starting from static tensile testing [12]. The presence of the 
alumina particles in the polymeric matrix lowers the tensile strength both in raw filament and on the printed 
samples.  

The integration of nickel powder in the PLA matrix was approached by some authors [13]. They use the 
scanning electron microscopy for analyzing the uniformity of the particle distribution in the structure of the 
composite and reveal that some composites are not suitable to became filaments for 3D printing. The best results in 
this case were recorded for a 5% of nickel particles in the PLA volume.  

A comprehensive review work on the effect of presence of different fillers on PLA matrix was conducted by 
Joseph Arockiam et al [14]. Here, the mechanical and thermal properties of polylactic acid filaments containing 
various types of fillers were examined. Among considered fillers were: carbon fiber, microcrystalline cellulose, 
core-shell rubber, accelyted tannin, hemp hurn, cellulose nanofibers, continuous flax fiber, hemp and harakeke, 
wood, diatomaceous earth, bamboo fibers, talc, cork and ABS. Al results are presented in comparison with the 
untainted PLA materials but no comparison between the fillers was done. Therefore, this paper presents a 
comparison between several types of fillers (glass/carbon fibers and bronze particles) and pure PLA. The 
investigations are carried out under tensile and flexural loads. 

 
Nomenclature 

AM  Additive Manufacturing 
FDM  Fused Deposition Modelling 
PLA  polylactic acid  
PLA+GF  polylactic acid + glass fibres 
PLA+CF  polylactic acid + carbon fibres 
PLA+BP  polylactic acid + bronze particles 
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3D  three-dimensional 

 

1. Materials and methods 

The materials used in study are commercially available filaments of pure PLA and PLA mixed with three types 
of fillers: short glass fibers, short carbon fibers and bronze particles, named in the article PLA+GF, PLA+CF and 
PLA+BP respectively. The PLA+GF is composed of a PLA matrix (85%) and glass fibers (15%), the PLA+CF is 
composed of a PLA matrix (85-90%) and carbon fibers (15-10%) and the PLA+BP has more than 80% metal 
particles [15]. The size of the fibers and bronze particles have a wide range, according to our own measurements:  
glass fibers 200-300 μm, carbon fibers 100-300 μm, bronze particles 5-30 μm. All filaments were 1.75 mm in 
diameter, semicrystalline and possessed similar processing temperatures (below 230 °C), according to their 
manufacturers.  

The 3D printing was conducted on Makerbot Sketch printer using the following parameters: extruder temperature 
– 220 °C, build plate temperature – 50 °C, layer height – 0.1 mm, infill density – 95%, infill pattern – linear, nozzle 
diameter – 0.4 mm, printing velocity: – 35 mm/s. 

The microscopic images of the samples were obtained using Olympus BX51M microscope at 100 
magnification. The images in the Figure 1 represent the surface morphology of each representative sample.    

 

  

  

Fig. 1. Microscopic images 100, of the printed structures: (a) pure PLA, (b) PLA+GF, (c) PLA+CF, (d) PLA+BP 

The tensile and flexural tests of the samples were performed according to ISO 527-1:19 standard [16] for 
tensile tests and ASTM D 790:17 [17] for flexural, on 5 kN Zwick Roell testing machine. The tests were carried out 
at a loading velocity of 2 mm/min, in control of the displacement, at room temperature. 
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2. Results and discussions  

3.1 Tensile results 

Figure 2 shows tensile stress-strain and energy-strain curves of 3D-printed samples. It is observed that the 
investigated samples fracture both at different levels of stresses and strains (Figure 2a). The curves do not show a 
settlement zone, the linear-elastic zone starting from the beginning of the stress-strain curves. However, the slope of 
stress-strain curves differs significantly with the material type, with the exception of PLA and PLA+CF samples 
where almost overlapping slopes are obtained. The most brittle behavior is presented by the PLA+CF samples, and 
the most ductile by the non-reinforced PLA samples. The other two categories of samples are found between the two 
behaviors, the first (PLA+GF) showing a quasi-brittle tendency to fracture, and the second (PLA+BP) a slightly 
ductile one. The PLA samples are the only ones that show a yield zone after reaching the maximum stress, the other 
samples fracture brittle immediately after the maximum point. 

Figure 2b shows major differences between the types of material tested in terms of the capacity of the samples to 
absorb energy until fracture. It can be seen that the samples show different variations of the energy with the strain, 
especially in the amplitude of the curves. The only similarity is found between the PLA and PLA+CF samples, 
which show more than half an overlap of the curves. However, the maximum level of fracture energy is in favor of 
PLA samples. Like the stress-strain curves, the samples from PLA+GF and PLA+BP show a lower energy-strain 
curve behavior than the other two materials (PLA and PLA+CF).  
 

  

Fig. 2. Tensile stress-strain (a) and energy-strain (b) curves of printed samples 

From both Figure 2a and Figure 3a, it can be easily seen that the PLA samples have the best strength properties. 
These are followed in order by the PLA+CF, PLA+GF and PLA+BP samples. The percentage difference between 
the first two materials (PLA and PLA+CF) is 21.6%, and between the extremes (PLA and PLA+BP) is 72.8%. The 
closest results are found between the PLA+GF and PLA+CF samples, obtaining differences of only 14.7%. Stress at 
break is slightly lower than tensile strength, the only exceptions being registered in the case of PLA and PLA+BP 
samples where differences of around 9%, respectively 25% are obtained. The other two materials show differences 
between the two strength properties (tensile strength and stress at break) of 3.3% (PLA+GF) and 1.6% (PLA+CF). 
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Fig. 3. The variation of strength (a), strain (b) and energy (c) properties with the filament type 

Figure 3b shows that strain at strength extremes (maximum and minimum values) are represented, such tensile 
strength, also by the PLA (5.41%) and PLA+BP (3.42%) samples. In this case, differences of over 36% were 
obtained between PLA and PLA+BP. The same two materials show the biggest difference between strain at strength 
and strain at break (27.0% for PLA and 22.2% for PLA+BP). At the opposite pole, differences below 3.5% are 
obtained for PLA+GF and PLA+CF samples. Considering that the fracture energy is given by the area under the 
stress-strain curves, the PLA samples show significantly higher values than the other configurations. More precisely, 
PLA absorbs up to 47.9% more energy than the sample in second place and 79.5% more than the sample in last 
place. The PLA+GF and PLA+CF samples absorb approximately the same amount of energy, the values being 
slightly favorable (3%) for the PLA+CF material. 

From tensile results, a clear domination of pure PLA properties is observed. The fillers prove to decrease 
consistently the mechanical strength and dramatically the fracture energy. This effect can be put on the discontinuity 
created in the in the PLA matrix, induced by the presence of the filler material. The bond between the filler 
fiber/particle and the matrix seems to be weaker than the bond inside the polymeric matrix. Also, it can be observed 
that carbon and glass fillers, which are in almost the same percentage in the mixture, produce similar property loss 
comparing to pure PLA. Also, the bronze filler in a much higher percentage is further decreasing the properties in a 
significant manner. 
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3.2 Flexural results 

From Figure 4a it can be seen that the flexural stress-strain of printed samples shows a very different behavior 
depending on the type of filament used. All the curves show a linear-elastic zone, followed by the yield of the 
material and finally its fracture. The samples from PLA+BP show a settlement zone (up to around 0.4% strain), 
while the other types of configurations (PLA, PLA+GF and PLA+CF) do not highlight such a zone. It seems that the 
low stiffness of the samples induces this rather obvious and pronounced area. Moreover, the PLA+BP samples also 
present the shortest linear-elastic region, at the opposite pole are the PLA+CF samples with the most extensive area. 
Regarding the fracture zone, the samples from PLA+CF show a quasi-brittle behavior, the other samples a ductile 
behavior. In this sense, due to the lack of filament reinforcements and the defects induced by them (gaps or cracks in 
the matrix), the samples made of unreinforced PLA show a pronounced deformation until fracture. The presence of 
reinforcements (GF, CF and BP) in the polymer matrix considerably accelerates the fracture of the samples at low 
levels of strains. Significant differences between the four types of samples are also observed in the flexural energy 
absorption-strain curves (Figure 4b). Due to the pronounced plastic deformation (Figure 4a), unreinforced PLA 
samples absorb the largest amount of energy. The PLA+BP samples are identified at the opposite pole. It was found 
that in the area of small deformations, below 1%, the curves almost overlap. 

  

Fig. 4. Flexural stress-strain (a) and energy-strain (b) curves of printed samples 

The highest flexural modulus values are recorded for the PLA+CF samples, and the lowest for the PLA+BP 
samples (Figure 5a). Thus, in this case differences of over 56% are obtained between the two types of samples. 
Smaller but still considerable differences are also obtained between the first and second material. Thus, PLA+CF 
shows flexural modulus values over 43% higher than PLA+GF. Between PLA+GF and PLA samples, the difference 
is only 10% in favor of PLA+GF. The CFs in the matrix provide stiffness to the sample when this is loaded 
perpendicular to the direction of deposition. The CFs are relatively longer and stiffer than GFs and therefore the 
elastic properties are superior for this filler. 

The strength properties follow somewhat the same pattern as the elastic ones, with the observation that in this 
case the order of stress values is reversed between the PLA+GF and PLA samples (Figure 5b). This time, the 
differences between the first three materials are much smaller than in the case of flexural modulus. Thus, differences 
in terms of flexural strength of 5.9% are obtained between PLA+CF and PLA samples, respectively of 10.6% 
between PLA+CF and PLA+GF. Also, the PLA samples reinforced with BPs show the lowest flexural strength 
values, over 64% lower than the PLA+CF samples. Due to the different fracture mode (quasi-brittle or ductile), the 
biggest differences between flexural strength and stress at break are obtained for PLA samples (50.2%), and the 
smallest differences for PLA+CF samples (4.7%). 
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The high values of the elastic properties (flexural modulus) and strength (flexural strength and stress at break) of 
the PLA+CF samples are replaced by low values of the strain properties (Figure 5c). In this case, the PLA samples 
show the highest strain at strength, followed in order by the PLA+GF, PLA+BP and finally PLA+CF samples. The 
biggest difference is obtained between PLA and PLA+CF samples (53.7%), and the smallest between PLA+GF and 
PLA+BP (5.5%). As for the size of the values, strain at break largely follows the same order as strain at strength, the 
PLA samples showing the highest value, respectively PLA+CF the lowest. 

 

  

  

Fig. 5. The variation of flexural modulus (a), strength (b), strain (c) and energy (d) properties with the type of sample 

Due to the extension of the stress-strain curve (see Figure 4a), and also the area under this curve, the 
unreinforced PLA samples show the highest fracture energy (2.76 MJ/m3, Figure 5d). The lowest energy values are 
identified for the PLA+BP samples, where decreases of up to 77% are recorded compared to the PLA samples. 
Between the two types, there are PLA+GF and PLA+CF samples with fracture energy values of 1.34 and 0.79 
MJ/m3, respectively. Energy at strength shows a pattern similar to fracture energy, obtaining differences of 70% 
between the extreme values. The biggest differences between fracture energy and energy at strength are found for 
PLA samples (39.8%), and the smallest in the case of PLA+CF samples (6.5%). This aspect is given by the ductile 
behavior (PLA), respectively quasi-brittle (PLA+CF) of the matrix of the investigated samples. 
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3. Conclusions 

The paper investigates the mechanical behavior of pure and reinforced PLA samples. For this purpose, the pure 
PLA and PLA reinforced with glass fibers (PLA+GF), carbon fibers (PLA+CF) and bronze particles (PLA+BP) 
were tested in tensile and three-point bending. After analyzing the results, the following can be concluded: 

 the best strength properties are given by the pure PLA in tensile and PLA+CF in bending. 
 the largest strains, both in tension and in bending, are found for the pure PLA, which prove to be more 

ductile. 
 due to the quasi-brittle matrix, the PLA+CF material presents the highest stiffness. 
 in both tensile and bending, pure PLA possess the highest fracture energy, due to its ductility manifested by 

an extension of the plastic zone until fracture. 
Therefore, the choice of the material type (unreinforced or reinforced) is important to be made in accordance to 

the functional loading conditions.  
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Abstract 

The Additive manufacturing (AM) process, especially laser powder fusion (LPBF), could print complex medical implants 
directly from computer-aided design (CAD) data. LPBF offers numerous benefits compared to traditional methods, such as 
efficient customized product development, complex shape creation, and lighter components that save time and costs. AM also 
have some challenges that are usually addressed, such as poor surface quality, physical properties, residual stresses and fatigue. 
These challenges prevent AM parts from being used in real-life applications. Surface roughness is a significant issue in many 
forms of additive manufacturing because of the layer-by-layer deposition process. This study aims to understand better the 
roughness generated during the laser powder bed fusion process. In LPBF, metal powders are melted by a focused laser beam to 
create each component layer. Despite its ability to produce fine details using a variety of metal powders, LPBF is one of the most 
widely used metal AM processes across various industries, including the automobile, aerospace, and medical fields. However, 
there are complex physical phenomena in LPBF that contribute to roughness. This study seeks to understand LPBF and explore 
post-processing techniques to improve the surface roughness of additively manufactured parts. The processing techniques, 
including traditional machining, wire electro-discharge machining, chemical anodizing, abrasive flow finishing and laser 
polishing, are customarily applied to resolve these issues. This study has complied with various post-processing techniques and 
their implementation. The effects of different post-processing techniques on additive-manufactured Al12Si are discussed in 
detail. Micro-milling significantly reduces surface irregularity topography, peaks and roughness. Micro-milling reduced average 
surface roughness (Sa) by up to 99% and a minimal increase in surface hardness compared to WEDMed, chemical anodizing, 
sandblasting, and as-printed parts. The study found that micro-milling is a promising approach for finishing complex metallic 
additively manufactured parts with minimal complexity. 
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1. Introduction 

Additive manufacturing (AM), also known as 3D printing, is a revolutionary technology that has transformed 
how we design and produce objects (Diegel et al., 2019). This process allows for creation of complex geometries 
and unique shapes that are difficult to produce using traditional manufacturing methods. Additive manufacturing has 
entered many industries, including aerospace, medical, and automotive. The laser powder bed fusion (LPBF) 
process is one of the most promising metal AM processes, which offers a more efficient and cost-effective solution 
for producing complex geometries. LPBF uses a high-powered laser to selectively melt and fuse metal powders 
layer by layer to create a solid object. It allows for creating intricate designs with high accuracy, reducing the 
amount of material wasted in the production process (Thompson et al., 2016). Aluminium alloys are a popular 
material for additive manufacturing using LPBF because of their unique properties i.e., they are lightweight, have 
high strength, and exhibit excellent corrosion resistance. AlSi12 is a eutectic alloy with a small difference in melting 
and solidification temperatures, resulting in excellent thermal properties and good thermal resistance (Suzuki et al., 
2021). AlSi12 is an ideal material for joining metal pieces together, such as welding and extrusion processes. The 
applications include fabricating thin-walled parts such as heat exchangers (Siddique et al., 2015) and other 
industrial-grade prototypes. Evidently, LPBF processed AlSi12 alloys reveals better strength than Evidently, LPBF 
processed AlSi12 alloys reveal better strength than conventionally manufactured alloys because solute Si in 
supersaturated solid solution inhibits work hardening strength (Takata et al., 2020). LPBF provides a better 
opportunity to fabricate these eutectic alloys even complicated shapes, with ease, but the surface quality is still a 
concern. Surface roughness in additively manufactured components is higher than conventionally manufactured 
components due to the staircasing effect formed by layer-by-layer manufacturing and partially melted particles. The 
surface roughness of the as-built components by the LPBF process is approximately 10-28 µm (Li et al., 2018; 
Spierings et al., 2011). Surface roughness is notably important and requires a smooth surface to eliminate premature 
failure from cracking in many applications. Surface roughness is an important factor for initiating fatigue failure, 
especially in LPBF processed components (Teimouri et al., 2022) and parts with poor surface quality effects the 
fatigue performance. To improve the surface quality, LPBF-processed alloys are subjected to various methods like 
process parameters optimization, adopting post-processing techniques such as polishing, machining, shot peening, 
sandblasting etc. Some authors have attempted to reduce the surface roughness by optimizing the process parameters 
such as laser power, scanning speed, hatch spacing, layer thickness, and scanning strategy (Cao et al., 2021; Liu et 
al., 2019). The other method to improve the surface quality of LPBF processed components is by adopting post-
processing techniques. Subramaniyan et al. have reduced the surface roughness of LPBF processed AlSi10Mg alloy 
by endorsing shot peening and with different heat treatments. They concluded that shot peening helps reduce surface 
roughness by 50% compared to as-built samples (Kumar et al., 2021). Lesyk et al. investigated the effect of shot 
peening on the surface quality of In718 alloy fabricated by the LPBF process (Lesyk et al., 2021), and it was 
concluded that shot peening helps in reducing surface roughness by approximately 48% due to new wavy surface 
formation due to severe plastic deformation. Further, another interesting study on pulsed electro-polishing of In718 
alloy showed beneficial effects (Shrivastava et al., 2021). Polishing more reduces surface roughness compared to 
shot peening and shot blasting for AlSi10Mg alloy processed by LPBF (Sagbas et al., 2021). Since polishing is a 
material removal technique from the final component whereas shot peening is a cold plastic deformation process 
which produces compressive stresses resulting in plastic deformation which improves the surface quality and 
texture. Kaynak and Tascioglu tried to describe finish machining as an effective post-processing technique to reduce 
the surface roughness of LPBF-produced Inconel 718 alloy and achieved a reduction of 92% in surface roughness 
compared with as-built conditions (Kaynak & Tascioglu, 2023). Campos et al. investigated the effect of micro 
milling on the surface roughness of LPBF processed Ti6Al4V, producing better surface compared to initial 
conditions (de Oliveira Campos et al., 2020). Better surface quality is produced due to micro milling, lower 
ductility, and elevated hardness leads to less plastic flow during cutting. Varghese and Mujumdar studied the micro-
milled surface roughness and forces acting on surface during machining on LPBF processed Ti6Al4V alloy and 
concluded that surface roughness increased by increasing depth of cut due to increase in shear forces and chip 
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loading on the surface (Varghese & Mujumdar, 2021). It is evident from the literature that, most of researchers have 
worked on implementation of shot peening as post processing technique for improving the surface quality of LPBF 
processed components and limited work has been conducted on other post processing methods. As stated earlier, 
there is a need for improving the surface quality of LPBF processed components. The present study focused on 
effect of different post processing techniques on surface quality of LPBF processed AlSi12 alloy and evaluated the 
surface roughness of the AlSi12 alloy by comparing it with as-built conditions. 

2. Experimentation 

2.1. LPBF process 

AlSi12 alloy samples are fabricated using a DMP Flex 100 LPBF (3D Systems, USA) machine which uses a 100 
W optical fibre laser with a build volume of 100x100x30 mm3. The powder size of 5-45 µm with good flowability 
used to fabricate the cubes with dimensions 10x10x10 mm3 as designed are shown in Fig. 1 (a) and manufactured 
using the LPBF process. The laser interaction with powder particles during the fabrication is shown in Fig. 1 (b) The 
AlSi12 samples are fabricated using optimal conditions and process parameters used are laser power of 90 W, layer 
thickness of 30 µm, scanning speed of 600 mm/s, hatch spacing of 0.06 mm with hexagonal scanning strategy. The 
samples are fabricated in an inert atmosphere with an oxygen content of less than 1000 ppm to prevent them from 
oxidation during fabrication. The manufactured samples are kept for cooling in the manufacturing chamber at room 
temperature and samples are cleaned using the vacuum cleaner to remove any unwanted particles from the substrate 
and sample surfaces.   

 

Fig. 1. (a) Designed samples in build volume; (b) Fabrication chamber of LPBF machine 

2.2. Post-processing  

Four post-processing operations such as sand blasting, chemical anodizing, wire electric discharge machining 
(Wire-EDM) and micro milling are performed on the samples to obtain different surface features as shown in Fig. 2. 
Sandblasting on AlSi12 alloy samples performed to remove the loosely bounded powder particles. A nozzle 
diameter of 6 mm and 100-120 µm stand-off distance is maintained between the samples and nozzle to ensure 
uniform distribution of sand particles by maintaining 6 psi pressure for sandblasting. Chemical anodizing is 
performed on the AlSi12 alloy surface to lay off the outer layer. 10% vol of 40% concentrated H2SO4 solution with 
distilled water is used for chemical anodizing by supplying 5 V voltage and 2.5 A current. Wire-EDM is one of the 
dominant unconventional machining processes and it helps remove the surface to improve the surface quality of 
additively manufactured components. Wire-EDM is performed with Electronica Ezeewin ES500 for different 
process combinations like pulse on time (Ton) 30,60 µSec, pulse off time (Toff) 3 µSec and peak current (IP) of 3,6 
mA on different surfaces of the AlSi12 alloy. Also, LPBF processed AlSi12 alloy samples are machined using micro 
milling (DT-100i, Mikrotools Pte. Ltd., Singapore) to reduce the surface roughness from as-built condition and high 
spindle micro milling with spindle speed of 14000 rpm, and 20 mm feed per minute with 100 µm depth of cut used. 
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Tungsten carbide coated with an 8 mm diameter tool helped in removing the outer surface from the AlSi12 
specimen.  

 

Fig. 2. Different post processing techniques adopted (a) sand blasting (b) chemical anodizing (c) wire-EDM and (d) micro milling 

2.3. Surface roughness 

Surface roughness was measured for as-built and post-processed AlSi12 alloy samples using a non-contact 
optical profilometer (Olympus DSX1000) as shown in Fig. 3. The profilometer utilizes the principles of optical light 
interference to scan and the surface features of the samples are calculated. Instead of using a diamond-tipped probe, 
optical profilometry employs light to find surface abnormalities. Using this non-contact method, a three-dimensional 
surface measurement is obtained. However, just like a contact stylus profilometer, all optical profilometers can 
display two-dimensional surface outputs. Optical profilometer provided better results with high accuracy, measuring 
small features than contact profilometers. In contact profilometers, the stylus is getting contact with the surface, and 
there are chances for surface damage, which is eliminated with non-contact optical profilometers. Roughness is 
calculated for scanning area of 1 mm2 on the surface for all the samples and measurements were taken at 3 different 
locations and average is noted.  

 

Fig. 3. Olympus DSX1000 microscope used for surface roughness measurement 

3. Results and discussion 

When assessing topography characteristics, surface roughness is a crucial component of surface integrity. The 
surface roughness (Sa) for different post processed conditions is evaluated and tabulated in Table 1 and the surface 
morphology is shown in Fig. 4. 

          Table 1. Surface average roughness (Sa) and their post-processing conditions 

Condition As-printed Sand blasted Chemical anodizing Wire EDM Micro milled 

(a) (b) (c) (d) 
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Sa (µm) 22.74 9.05 11.25 3.98 0.256 

 
  

 

Fig. 4. 3D surface topography images of adopted post processing techniques compared with as-built AlSi12 samples 

3D topography of the post processed surfaces is compared with as-built surface condition and it clearly indicates 
in decreasing the surface roughness by reducing peak heights. In sandblasting, the sand bead particles are forced on 

Sand blasted 

Chemical anodizing Wire EDM 

Micro milling 

As-built 
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the surface using compressed air to smooth, clean, and remove contaminants from the rough surface. It helps in 
removing loosely bound unwanted particles and materials from the surface. Anodizing is an electrochemical process 
that creates a protective oxide layer on the surface of aluminum alloys. The oxide layer can improve the surface 
properties of aluminum, including its durability, corrosion resistance, and aesthetic appearance. This oxide layer can 
reduce surface roughness by filling in small surface defects and smoothing out the surface. Wire EDM can improve 
the surface roughness of aluminium alloys fabricated by LPBF by removing any excess material, such as support 
structures or surface irregularities, that may be present on the part after the fabrication process. This process can also 
help create fine features and details on the part's surface that may be difficult or impossible to achieve using the 
LPBF process alone. Table 1 shows that the maximum surface roughness of 22.74 µm has resulted in as-built 
samples, which is not applicable in industrial applications. This can be reduced to 9.05 µm and 11.25 µm using post-
processing conditions sand blasting and chemical anodizing respectively. These two conditions help remove 
unwanted particles from the surface, which reduce the surface roughness but not effectively. The sand beads in sand 
blasting remove the unmelted and unbound particles from the surface and chances of producing pores, which 
doesn’t completely eliminate the surface roughness. But in Wire EDM, the outer surface is chipped off using 
minimal diameter wire using optimal parameters to improve the surface quality of fabricated samples. Wire EDM 
offers better surface finish than other non-conventional machining processes even though machining efficiency is 
lower. The surface integrity is mainly affected by discharge energy, which combines pulse on time and power 
(Abhilash & Chakradhar, 2022).  The higher discharge energy forms irregular craters due to large sparks which 
produce rough surface. Lower discharge energy helps create surface quality due to fewer craters and a lower surface 
finish is obtained using a Ton of 30 µSec.  

 

Fig. 5. Comparison of microhardness and surface roughness of post processed samples with as-built AlSi12 
samples 

And finally, micro milling is performed on LPBF fabricated AlSi12 alloy samples using different process 
parameters and observed the surface quality produced. We observed that, surface roughness is reduced with 
increasing spindle speed up to a certain limit and then starts increased. This is because higher spindle speed allows 
higher cutting speeds, resulting in smoother cuts and reduced tool marks on the surface. Increasing spindle speed 
beyond certain limits can generate more heat during cutting and causes material to soften or melt, increasing the 
surface roughness. By observing these different conditions in wire EDM as well as micro milling, the optimal 
condition results are reported and surface topography of better machined surface is represented in Fig. 4. and it is 
concluded that micro milling helps in producing better surface quality of additively manufactured AlSi12 
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components followed by wire EDM. Maximum peaks and valleys are observed in as-built and chemical anodizing 
conditions, which is unacceptable in applications. A completely smoother surface is obtained using micro milling 
and surface roughness of 0.256 µm is achieved successfully. Post processing helps reduce surface roughness in all 
conditions and reduced by 60%, 50%, 82.5% and 98.8% in sand blasting, chemical anodizing, wire-EDM and micro 
milling, respectively compared with as-built samples. The microhardness and surface roughness of post processed 
samples are compared with as-built condition for AlSi12 alloy and represented in Fig. 5. It is observed that, 
microhardness had increased for micro-milling and sand blasting conditions where as it had been reduced with wire-
EDM and electropolishing compared to as-built AlSi12 samples. For micro milled samples, microhardness increased 
due to work hardening on the milled surface where as in sand blasted also helps slightly increase the microhardness 
of the AlSi12 alloy in the treated area due to work hardening caused by the mechanical impact of the abrasive 
particles. Electropolishing reduces the microhardness of the AlSi12 alloy in the treated area. This is because it 
selectively removes material from the surface and can remove work-hardened layers generated during prior 
machining or mechanical treatment and wire-EDM tends to induce localized heat-affected zones, potentially 
reducing microhardness. 

4. Conclusions 

In this experimental work, AlSi12 alloy samples are successfully fabricated using LPBF process and adopted 
different post-processing techniques on the surfaces to improve the surface quality of samples. The surface 
roughness is measured for all post-processed samples and compared it with as-built conditions to evaluate the effect 
of post processing on the surface roughness of LPBF-processed AlSi12 alloy components and it was concluded that:  

 Post processing techniques like sand blasting, chemical anodizing, micro milling and wire EDM can be 
used even to improve the surface quality of AlSi12 alloy with minute features.  

 Micro-milling s average surface roughness (Sa) is reduced by up to 98.8% and increased microhardness 
from 78.64 HV to 113.2 HV compared to as-built conditions. 

 Micro-milling is a promising approach for finishing complex metallic additively manufactured parts with 
minimal complexity, followed by wire EDM. 
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Abstract 

The current study investigates the effects of various process parameters such as extrusion temperature, printing speed, and infill 
density on Fused Deposition Modelling (FDM) of Polyethylene Terephthalate Glycol (PETG) parts. It was found that higher 
tensile, flexural, and impact strengths have been observed for the samples (S4, S5, S6) having 25% infill density. The sample 
with 30% infill density, 245℃ extrusion temperature, and 25 mm/s print speed has been found to have the highest ultimate 
tensile strength of 35.46 MPa. The compression strength is directly proportional to the infill density. The impact strength of the 
samples (S3, S5, S6 and S7) was highest, where the print speed was 25 mm/s.   
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1. Introduction 

Fused Deposition Modelling (FDM) is one of the material extrusion-based additive manufacturing techniques (B 
Mallikarjuna et al., 2023; Mallikarjuna B, 2013; Balichakra Mallikarjuna & Reutzel, 2022). The Acrylonitrile 
Butadiene Styrene (ABS), Polylactic Acid (PLA), High-Density Polyethylene (HDPE) and Polyethylene 
Terephthalate Glycol (PETG) are common filaments used in FDM for the fabrication of various components.  
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Fused Deposition Modelling (FDM) is one of the material extrusion-based additive manufacturing techniques (B 
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PETG is one of the market's most commonly available and widely used 3D printing filaments. PETG is commonly 
used for bottles, food containers, the clothing industry, medical braces, electronics, and covers. The printing 
temperature of PETG is 200 ℃ to 260 ℃, 260 ℃ being its melting point (Gebisa & Lemu, 2018; Kristiawan et al., 
2021; Reddy et al., 2015). PETG has a tensile strength of 60 MPa to 67 MPa. PETG was chosen over PLA and ABS 
materials due to its proper heat resistance, durability, and also UV resistance. Along with these advantages, PETG is 
more flexible than ABS and PLA (B Mallikarjuna et al., 2023; Mohan et al., 2017). However, processing any 
material on FDM is influenced by various parameters (Derise & Zulkharnain, 2020; Thrimurthulu et al., 2004). 
These parameters include build orientation, air gap, layer resolution, extrusion temperature, bed temperature, raster 
angle, print speed and extrusion speed Mwema and Akinlabi, (2020). Özen et al., 2021 optimized the tensile 
specimen geometry and process parameters for FDM using PETG. They focused on slicer parameters in accordance 
with positional failures to put forth an effective measurement of mechanical properties. A newly developed printing 
path was utilized to eliminate excess travel lines, resulting in a more homogeneous structure on the macroscale and 
fewer premature failures. ISO 527-2 and ISO-Modified are suggested to perform better by tuning the slicing 
parameters. Kumar et al., 2021 studied the effects of infill density and annealing on the mechanical properties of 
PETG via the FDM process. The infill density was varied as 25%, 50%, 75% and 100%. The samples were prepared 
for the hardness, tensile, impact and flexural test specimens. They had an extrusion temperature of 220 ℃ and a bed 
temperature of 60 ℃. The annealing in which the printed specimen was placed on a Teflon-coated baking pan, 
heated above 5 ℃ in accordance with glass transition temperature for 60 minutes, and then cooled at room 
temperature. Annealed PETG have 66, 77, 90 and 97 HRC of hardness; 38, 42, 47 and 52.4 MPa of tensile strength; 
68, 74, 88 and 96 J/m2 of impact strength; 51, 59, 65 and 70 MPa of flexural strength for 25%, 50%, 75% and 100% 
infill density respectively. In conclusion, higher infill density showcased better mechanical properties. Heidari-
Rarani et al., 2022 investigated the process parameters that influence the FDM deposition of PLA parts. The process 
parameters were used, such as infill density (20%, 40%, 60%, 80%), printing speed (20 mm/s and 40 mm/s), and 
layer thickness (0.1 mm and 0.2 mm). The optimal process parameters under the experimental values are layer 
thickness of 0.1 mm, infill density of 80% and printing speed of 40 mm/s which has an ultimate tensile strength of 
34.04 MPa. Similarly, for the S/N software results, the optimal process parameters were layer thickness of 0.2 mm, 
infill density of 80% and printing speed of 40 mm/s which has an Ultimate Tensile Strength (UTS) of 34.54 MPa. 
M. A. Kumar et al., 2020 studied the effects on strength and hardness of FDM due to machine parameters when for 
carbon fibre-reinforced PETG thermoplastics.  Srinivasan et al., 2020 examined the impact of infill density in the 
FDM process for PETG material. The specimen's tensile strength and surface roughness were studied when the infill 
density varied from 20% to 100% with an increment of 10%. The range of surface roughness varies from 3.82 µm - 
2.87 µm and 17.38 MPa – 32.12 MPa for tensile strength when the infill density is varied from 20% to 100%, 
respectively. Guessasma et al., 2019 reported influence of the extrusion temperature on the printability of PETG was 
analysed. Similarly, various researchers have reported on process parameter optimization in FDM deposition of 
PETG material (Kadhum & Al-zubaidi, 2023; Sekaran et al., 2023; Srinivasan, Nirmal Kumar, et al., 2020; Teraiya 
et al., 2021). The literature review identified that optimization of the process parameters considering printing speed, 
extrusion temperature and infill density hadn't been studied concerning the spectacle frame fabrication.  

This work used FDM to fabricate various PETG (Bedi, Mallesha, Mahesh, Mahesh, & Ponnusami, 2023; Bedi, 
Mallesha, Mahesh, Mahesh, Mukunda, et al., 2023) test samples under different process conditions, including infill 
density, extrusion temperature, and print speed. Then printed samples were investigated to understand the effect of 
process conditions on mechanical properties such as tensile strength, compressive strength, flexural strength and 
impact test.  

Nomenclature 

FDM  :Fused Deposition Modelling 
ABS  :Acrylonitrile Butadiene Styrene 
PLA  :Polylactic Acid 
PETG  :Polyethylene Terephthalate Glycol  
UTM  :Universal Testing Machine 
UTS  :Ultimate Tensile Strength 
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1. Introduction 

Fused Deposition Modelling (FDM) is one of the material extrusion-based additive manufacturing techniques (B 
Mallikarjuna et al., 2023; Mallikarjuna B, 2013; Balichakra Mallikarjuna & Reutzel, 2022). The Acrylonitrile 
Butadiene Styrene (ABS), Polylactic Acid (PLA), High-Density Polyethylene (HDPE) and Polyethylene 
Terephthalate Glycol (PETG) are common filaments used in FDM for the fabrication of various components.  
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PETG is one of the market's most commonly available and widely used 3D printing filaments. PETG is commonly 
used for bottles, food containers, the clothing industry, medical braces, electronics, and covers. The printing 
temperature of PETG is 200 ℃ to 260 ℃, 260 ℃ being its melting point (Gebisa & Lemu, 2018; Kristiawan et al., 
2021; Reddy et al., 2015). PETG has a tensile strength of 60 MPa to 67 MPa. PETG was chosen over PLA and ABS 
materials due to its proper heat resistance, durability, and also UV resistance. Along with these advantages, PETG is 
more flexible than ABS and PLA (B Mallikarjuna et al., 2023; Mohan et al., 2017). However, processing any 
material on FDM is influenced by various parameters (Derise & Zulkharnain, 2020; Thrimurthulu et al., 2004). 
These parameters include build orientation, air gap, layer resolution, extrusion temperature, bed temperature, raster 
angle, print speed and extrusion speed Mwema and Akinlabi, (2020). Özen et al., 2021 optimized the tensile 
specimen geometry and process parameters for FDM using PETG. They focused on slicer parameters in accordance 
with positional failures to put forth an effective measurement of mechanical properties. A newly developed printing 
path was utilized to eliminate excess travel lines, resulting in a more homogeneous structure on the macroscale and 
fewer premature failures. ISO 527-2 and ISO-Modified are suggested to perform better by tuning the slicing 
parameters. Kumar et al., 2021 studied the effects of infill density and annealing on the mechanical properties of 
PETG via the FDM process. The infill density was varied as 25%, 50%, 75% and 100%. The samples were prepared 
for the hardness, tensile, impact and flexural test specimens. They had an extrusion temperature of 220 ℃ and a bed 
temperature of 60 ℃. The annealing in which the printed specimen was placed on a Teflon-coated baking pan, 
heated above 5 ℃ in accordance with glass transition temperature for 60 minutes, and then cooled at room 
temperature. Annealed PETG have 66, 77, 90 and 97 HRC of hardness; 38, 42, 47 and 52.4 MPa of tensile strength; 
68, 74, 88 and 96 J/m2 of impact strength; 51, 59, 65 and 70 MPa of flexural strength for 25%, 50%, 75% and 100% 
infill density respectively. In conclusion, higher infill density showcased better mechanical properties. Heidari-
Rarani et al., 2022 investigated the process parameters that influence the FDM deposition of PLA parts. The process 
parameters were used, such as infill density (20%, 40%, 60%, 80%), printing speed (20 mm/s and 40 mm/s), and 
layer thickness (0.1 mm and 0.2 mm). The optimal process parameters under the experimental values are layer 
thickness of 0.1 mm, infill density of 80% and printing speed of 40 mm/s which has an ultimate tensile strength of 
34.04 MPa. Similarly, for the S/N software results, the optimal process parameters were layer thickness of 0.2 mm, 
infill density of 80% and printing speed of 40 mm/s which has an Ultimate Tensile Strength (UTS) of 34.54 MPa. 
M. A. Kumar et al., 2020 studied the effects on strength and hardness of FDM due to machine parameters when for 
carbon fibre-reinforced PETG thermoplastics.  Srinivasan et al., 2020 examined the impact of infill density in the 
FDM process for PETG material. The specimen's tensile strength and surface roughness were studied when the infill 
density varied from 20% to 100% with an increment of 10%. The range of surface roughness varies from 3.82 µm - 
2.87 µm and 17.38 MPa – 32.12 MPa for tensile strength when the infill density is varied from 20% to 100%, 
respectively. Guessasma et al., 2019 reported influence of the extrusion temperature on the printability of PETG was 
analysed. Similarly, various researchers have reported on process parameter optimization in FDM deposition of 
PETG material (Kadhum & Al-zubaidi, 2023; Sekaran et al., 2023; Srinivasan, Nirmal Kumar, et al., 2020; Teraiya 
et al., 2021). The literature review identified that optimization of the process parameters considering printing speed, 
extrusion temperature and infill density hadn't been studied concerning the spectacle frame fabrication.  

This work used FDM to fabricate various PETG (Bedi, Mallesha, Mahesh, Mahesh, & Ponnusami, 2023; Bedi, 
Mallesha, Mahesh, Mahesh, Mukunda, et al., 2023) test samples under different process conditions, including infill 
density, extrusion temperature, and print speed. Then printed samples were investigated to understand the effect of 
process conditions on mechanical properties such as tensile strength, compressive strength, flexural strength and 
impact test.  
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2. Methodology 

2.1 Equipment and Materials 

The FDM technique (3D Cubic CUB 3.5, India) was used to build the PETG samples and prototype. The process 
parameters used to prepare samples are shown in Table 1. PETG is a thermoplastic polyester used as a filament for 
printing samples. The filament spool is white transparent, and the diameter of the wire is 1.75 mm. The melting 
temperature of PETG is 230 –250 ºC. The PETG filament was procured from e-commerce. 

Table 1 Process parameters used for printing 

Sample 
Designation 

Infill Density 
(%) 

Print Temperature 
(℃) 

Print Speed 
(mm/sec) 

S1 20 225 20 

S2 20 235 25 

S3 20 245 30 

S4 25 225 25 

S5 25 235 30 

S6 25 245 20 

S7 30 225 30 

S8 30 235 20 

S9 30 245 25 

 
2.2 Testing and characterization 

The tensile test samples were prepared according to the ASTM 'D638' standard. This test method uses dumbbell-
shaped specimens with 25 mm or 50 mm gauge lengths. The FDM-printed PETG samples' tensile test was carried 
out using a Uniaxial Tensile Test machine (H25KT, Tinus Olsen, 2007). The FDM-printed tensile samples are 
shown in Fig. 1 (a). The compression test was fabricated following the ASTM 'D695' standard, as shown in Figure 1 
(b).  
 

 
Fig. 1. FDM Printed samples of (a) tensile specimen; (b) compression specimen; (c) flexural specimen; (d) impact specimens. 

(a)

(b)

(c)

(d)
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The specimen is a cube with dimensions 12.7 x 12.5 x 25.4 mm3. The flexural strength of samples was built with a 
size of 3.2 x 12.7 x 127 mm according to ASTM D790 standard and tested in UTM-Electronic type. The printed 
sample's picture is shown in Fig. 1 (c). Finally, the impact sample prepared following the ASTM D256 standard is 
shown in Fig. 1 (d). The standard specimen dimensions are 63.5 mm x 12.7 mm with a notch of 22.5 degrees and a 
radius of 0.25 mm. 

3. Results and discussions  

3.1 Tensile Strength 

The Ultimate Tensile Strength (UTS) of 9 different samples varies from 24.9 MPa to 36 MPa, as shown in Fig. 2. A 
least tensile strength has been noted for S1, i.e., 20%, 225 ℃ and 20 mm/s and the highest for S9, i.e., 30%, 245 ℃ 
and 25 mm/s. It can be observed that with an increase in infill density, there is an increase in ultimate tensile 
strength. S1, S2 and S3 have the least infill density of 20% and display the least UTS compared to the other 6 
specimens. The same trend can be noted for the other two process parameters. The difference in the UTS is minimal 
in S4 and S9; this implies that we can achieve almost similar UTS with less infill density. 
 

 
Fig. 2. Comparison of tensile strengths of various samples built under process conditions. 

 
 
3.2. Flexural Strength 

The flexural strength varies from 46.7 MPa to 54.8 MPa, as presented in Fig. 3. The Highest flexural strength has 
been observed for S8 and the least for S7, which have the same infill density of 30%. It was found that the S3, S6, 
and S8 have shown the highest flexural strength. Also, S4, S5, and S6 have better strength in the other two groups 
(S1, S2, S3 and S7, S8, and S9). It was observed that the specimen's flexural strength is more than tensile strength. 
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Fig.3. Comparison ultimate flexural stress of various samples built under process conditions. 

 
 
3.3. Compression Test 

The maximum compression load for PETG specimen hold ranges from 1.08 kN to 2.1 kN in Fig 4. Highest 
compression strength has been observed for S9 and least for S1. The compression strength has been observed to be 
directly proportional to the infill density. 

 
Fig. 4. Comparison of compression test results. 
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3.4. Impact strength 

Impact strength of PETG specimen has been observed to be either 23.6 J/m or 34.3 J/m, as shown in Fig.5. Higher 
impact strength has been recorded for specimen S3, S5, S6 and S7 with a density of 25%.  
 

 
Fig.5. Impact strength.  

Conclusions  

The following conclusions can be drawn from this study: 
 The least tensile strength has been noted for S1, with 24.9 MPa (20%, 225 ℃ and 20 mm/s) and the highest 

tensile strength of 35.46 MPa for S9 (30%, 245 ℃ and 25 mm/s).  
 The highest compression strength has been observed for S9 (2.1 kN) and the least for S1 (1.08 kN). The 

compression strength is directly proportional to the infill density. 
 The impact strength of the samples (S3, S5, S6 and S7) was highest, where the print speed was 25 mm/s.  
 The samples S4, S5, and S6 have shown better mechanical properties than the counterpart S1, S2, S3, S7, S8, 

and S9 samples. 
 Optimized process parameters would be used to fabricate the spectacle frame prototype via the FDM process in 

the future work. 
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Fig.3. Comparison ultimate flexural stress of various samples built under process conditions. 
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Additive manufacturing provides significant advantages over conventional manufacturing. Among the others, the almost 
unconstrained freedom in the geometrical design for this technology can be pointed out. However, the geometrical complexness 
of such components requires for adequate tools to assess both their fracture behavior and fatigue life. A suitable solution for such 
a design challenge is to rely on the so-called local approaches whose main advantage is to consider a local parameter to evaluate 
the behavior of the entire component; besides, such methods have the advantage that their critical value can be assumed to be 
independent on both the overall geometry of the component and the loading conditions. With this purpose, the present work 
investigates the fracture behavior of notched specimens made of PLA and carbon fiber reinforced PLA realized through additive 
manufactured technique. The specimen’s geometry considered is smooth and double notched while the notch opening angles 
varies between 30 and 120 degrees. The results of the experimental campaign have been summarized through the averaged strain 
energy density (SED) method, an energy-based local approach, widely proved to be a valid tool to investigate both fracture in 
static condition and fatigue failure. The critical value of SED has been obtained through the stress-strain curve of smooth 
specimens for the two studied materials. After the determination of the control volume characteristic length, R0, the data have 
been summarized in terms of averaged SED values. The critical loads for the different geometries and the different materials 
considered are predicted by the method with an average error of ±7%. 
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1. Introduction 

Fused Deposition Modeling (FDM) is an additive manufacturing (AM) process that involves the extrusion of 
material from a nozzle to realize 3D parts from plastic materials. Ease of use, prototyping accuracy, and low cost 
make it a widely used AM technique. In FDM, a filament of thermoplastic printing material is melted through a 
printer extrusion die and deposited line by line and layer by layer on a heated printing plate. Producing a printed 
structure involves generating a digital design of the model via 3D design software and running it through the printer 
until the complete model is reproduced (Vaezi et al. 2013; Song et al 2017; García Plaza et al. 2019). Despite the 
advantages of this process, if the process parameters are not optimized problems may arise such as poor adhesion or 
large process-induced defects leading to detrimental effects on the mechanical performance with failures facilitated 
by the delamination between different layers. Nowadays, FDM is mainly used in dealing with thermoplastic 
materials such as polylactic acid (PLA). Due to its excellent properties and low cost, PLA has evolved as perhaps the 
most widely used material in 3D printing. It is a biodegradable, recyclable and compostable thermoplastic polymer 
with high strength and high modulus, which has proven its potential to replace many conventional polymers in 
various industrial applications (Farah et al. 2016; Savioli Lopes et al. 2012). It is worth noting that FDM can be 
exploited also to build components made of materials such as metals, ceramics or cermets employing high-filled 
polymers during the FDM process followed by post-processing phases to achieve the final component, (Spiller et al. 
20221; Spiller et al. 20222). Other materials of high interest for FDM process are fiber reinforced polymers. 
However, such reinforced materials are still a field of research due to the high variability of mechanical performance 
that can be achieved depending on the process parameters (Ajay Kumar et al. 2020; Durga et al. 2019; Marsavina et 
al. 2022). 

Besides the variety of materials that can be used through AM and the flexibility of AM processes in production of 
highly complex components, proper tools are still required to assess fracture behavior and fatigue life, 
(Mohammadizadeh et al. 2019; Foti et al. 2023). The so-called local approaches provide a suitable solution being 
their critical values independent of both the overall geometry of the component and the loading conditions. With this 
purpose, the present work investigates through an energetic local approach the fracture behavior of AM notched 
specimens made of PLA and carbon fiber reinforced PLA. 

2. Fundamentals of the strain energy density 

Among local approaches, the strain energy density (SED) method, as proposed by Lazzarin et al. (2001, 2002), is 
an energy-based local approach widely validated to assess fracture both in static and dynamic conditions (Foti et al. 
2020). The SED method is founded on the idea that brittle fracture happens when the total elastic energy, averaged 
over a given control volume, reaches a critical value. According to the method hypothesis, both the critical SED 
value and the characteristic length,   , defining the control volume represent material properties; they are indeed 
independent on both the local geometrical conditions and on the loadings mode, even if the shape and the location of 
the control volume depends on them (for further details, see Foti et al. 2021). It is worth highlighting that, under the 
assumption of ideally brittle material, the critical SED value,      , can be estimated through the conventional 
ultimate tensile strength,     , of a smooth specimen: 
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Thanks to the absence of stress gradients, in the case of smooth specimens no information are needed regarding 
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1. Introduction 

Fused Deposition Modeling (FDM) is an additive manufacturing (AM) process that involves the extrusion of 
material from a nozzle to realize 3D parts from plastic materials. Ease of use, prototyping accuracy, and low cost 
make it a widely used AM technique. In FDM, a filament of thermoplastic printing material is melted through a 
printer extrusion die and deposited line by line and layer by layer on a heated printing plate. Producing a printed 
structure involves generating a digital design of the model via 3D design software and running it through the printer 
until the complete model is reproduced (Vaezi et al. 2013; Song et al 2017; García Plaza et al. 2019). Despite the 
advantages of this process, if the process parameters are not optimized problems may arise such as poor adhesion or 
large process-induced defects leading to detrimental effects on the mechanical performance with failures facilitated 
by the delamination between different layers. Nowadays, FDM is mainly used in dealing with thermoplastic 
materials such as polylactic acid (PLA). Due to its excellent properties and low cost, PLA has evolved as perhaps the 
most widely used material in 3D printing. It is a biodegradable, recyclable and compostable thermoplastic polymer 
with high strength and high modulus, which has proven its potential to replace many conventional polymers in 
various industrial applications (Farah et al. 2016; Savioli Lopes et al. 2012). It is worth noting that FDM can be 
exploited also to build components made of materials such as metals, ceramics or cermets employing high-filled 
polymers during the FDM process followed by post-processing phases to achieve the final component, (Spiller et al. 
20221; Spiller et al. 20222). Other materials of high interest for FDM process are fiber reinforced polymers. 
However, such reinforced materials are still a field of research due to the high variability of mechanical performance 
that can be achieved depending on the process parameters (Ajay Kumar et al. 2020; Durga et al. 2019; Marsavina et 
al. 2022). 

Besides the variety of materials that can be used through AM and the flexibility of AM processes in production of 
highly complex components, proper tools are still required to assess fracture behavior and fatigue life, 
(Mohammadizadeh et al. 2019; Foti et al. 2023). The so-called local approaches provide a suitable solution being 
their critical values independent of both the overall geometry of the component and the loading conditions. With this 
purpose, the present work investigates through an energetic local approach the fracture behavior of AM notched 
specimens made of PLA and carbon fiber reinforced PLA. 

2. Fundamentals of the strain energy density 

Among local approaches, the strain energy density (SED) method, as proposed by Lazzarin et al. (2001, 2002), is 
an energy-based local approach widely validated to assess fracture both in static and dynamic conditions (Foti et al. 
2020). The SED method is founded on the idea that brittle fracture happens when the total elastic energy, averaged 
over a given control volume, reaches a critical value. According to the method hypothesis, both the critical SED 
value and the characteristic length,   , defining the control volume represent material properties; they are indeed 
independent on both the local geometrical conditions and on the loadings mode, even if the shape and the location of 
the control volume depends on them (for further details, see Foti et al. 2021). It is worth highlighting that, under the 
assumption of ideally brittle material, the critical SED value,      , can be estimated through the conventional 
ultimate tensile strength,     , of a smooth specimen: 
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material, the application of the SED method cannot disregard the determination of the control volume characteristic 
length. Due to the independency of the control volume characteristic length and of the SED critical value on the 
geometry, both can be determined if the loads to fracture are known for the same material according to two different 
geometrical conditions. This led to the development of analytical solutions for the determination of    such as the 
following ones that gives    for static conditions as a function of the ultimate tensile strength and of the fracture 
toughness,    , (Lazzarin et al. 2005; Yosibash et al. 2004): 
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The concepts presented in the above constitute the basic idea of the method; for further insights on the method 

analytical framework and applications, we recommend the works of Radaj et al. 2013 and Berto et al. 2014.   

3. Materials and methods 

The materials considered in this work are polylactic acid (PLA, Silver - Prusa Polymers) and carbon fiber 
reinforced polylactic acid (PLA-CF, Sunlu - containing short CF (<20%)). Prusa MK3 printer was used to realize 
the specimens. 3D printing software was used to set the printing parameters, such as raster angle, head speed, 
temperature and so on. The temperature of the nozzle and the built platform was controlled at around 60°C and 
215°C, respectively. An infill density of 100% is defined in the printing software with raster angles of ±45 degrees 
for the infill, while the orientation position of the part on the built platform was 0°. The tests have been carried out 
in displacement control mode (2 mm/min) using an electromechanical testing machine (Model: Zwick Roell 005) 
with a maximum load of 5 kN. The Young’s modulus, E, ultimate tensile strength,     , and strain at break,   , were 
obtained considering three smooth specimens per material according to ISO 527-1 (2012) while the fracture loads 
were obtained for notched specimens with changing the notch opening angles 2α, as reported in Fig. 1, considering 
five specimens per geometrical condition and material. 
 

Fig. 1. Geometries of the test V-notched specimens tested under tension. All specimens are 4 mm thick. 
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4. Results and discussion 

The experimental setup and the average stress - strain diagrams are shown in Fig. 2. Particularly, PLA specimens 
present a more brittle behavior with respect to PLA-CF. The mechanical properties are provided in Table 1. 

             Table 1. Average of the experimental results, for smooth specimens. 

Average PLA PLA-CF 

E [MPa] 3250.6 3203.3 

     [MPa] 41.59  33.48 

   [MPa] 2.28 4.32 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. a) Example showing one dog bone specimen that was tested under tensile loading and b) average stress -strain curves for PLA and PLA-
CF. 

Fig. 3 reports the force - displacement curves for the notched specimens together with the critical load to failure 
vs. notch opening angle. It is worth highlighting that the unreinforced material over performed with respect to the 
reinforced one for both smooth and notch specimens. No clear trend can be observed with changing the notch 
opening angle; however, both materials present a minimum of the critical load to failure at 60º. The test results, in 
terms of load to failure, are summarized in Table 2. 

 Table 2. Summary of the experimental results, in terms of load to failure, for V‐notched specimens. 

  PLA  PLA-CF 

  30° 60° 90° 120°  30° 60° 90° 120° 

No. Sample  Fmax[N] Fmax[N] Fmax[N] Fmax[N]  Fmax[N] Fmax[N] Fmax[N] Fmax[N] 

1  1513 1203 1288 1711  938 743 796 1049 

2  1498 1217 1329 1691  921 736 794 1015 

3  1483 1181 1279 1705  915 743 852 1062 

4  1441 1228 1270 1742  906 734 835 1036 

5  1560 1195 1386 1704  925 752 818 1063 

           

Average  1499 1205 1310 1711  921 742 819 1045 
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material, the application of the SED method cannot disregard the determination of the control volume characteristic 
length. Due to the independency of the control volume characteristic length and of the SED critical value on the 
geometry, both can be determined if the loads to fracture are known for the same material according to two different 
geometrical conditions. This led to the development of analytical solutions for the determination of    such as the 
following ones that gives    for static conditions as a function of the ultimate tensile strength and of the fracture 
toughness,    , (Lazzarin et al. 2005; Yosibash et al. 2004): 
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The concepts presented in the above constitute the basic idea of the method; for further insights on the method 

analytical framework and applications, we recommend the works of Radaj et al. 2013 and Berto et al. 2014.   

3. Materials and methods 

The materials considered in this work are polylactic acid (PLA, Silver - Prusa Polymers) and carbon fiber 
reinforced polylactic acid (PLA-CF, Sunlu - containing short CF (<20%)). Prusa MK3 printer was used to realize 
the specimens. 3D printing software was used to set the printing parameters, such as raster angle, head speed, 
temperature and so on. The temperature of the nozzle and the built platform was controlled at around 60°C and 
215°C, respectively. An infill density of 100% is defined in the printing software with raster angles of ±45 degrees 
for the infill, while the orientation position of the part on the built platform was 0°. The tests have been carried out 
in displacement control mode (2 mm/min) using an electromechanical testing machine (Model: Zwick Roell 005) 
with a maximum load of 5 kN. The Young’s modulus, E, ultimate tensile strength,     , and strain at break,   , were 
obtained considering three smooth specimens per material according to ISO 527-1 (2012) while the fracture loads 
were obtained for notched specimens with changing the notch opening angles 2α, as reported in Fig. 1, considering 
five specimens per geometrical condition and material. 
 

Fig. 1. Geometries of the test V-notched specimens tested under tension. All specimens are 4 mm thick. 
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4. Results and discussion 

The experimental setup and the average stress - strain diagrams are shown in Fig. 2. Particularly, PLA specimens 
present a more brittle behavior with respect to PLA-CF. The mechanical properties are provided in Table 1. 

             Table 1. Average of the experimental results, for smooth specimens. 

Average PLA PLA-CF 

E [MPa] 3250.6 3203.3 

     [MPa] 41.59  33.48 

   [MPa] 2.28 4.32 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. a) Example showing one dog bone specimen that was tested under tensile loading and b) average stress -strain curves for PLA and PLA-
CF. 

Fig. 3 reports the force - displacement curves for the notched specimens together with the critical load to failure 
vs. notch opening angle. It is worth highlighting that the unreinforced material over performed with respect to the 
reinforced one for both smooth and notch specimens. No clear trend can be observed with changing the notch 
opening angle; however, both materials present a minimum of the critical load to failure at 60º. The test results, in 
terms of load to failure, are summarized in Table 2. 

 Table 2. Summary of the experimental results, in terms of load to failure, for V‐notched specimens. 

  PLA  PLA-CF 

  30° 60° 90° 120°  30° 60° 90° 120° 

No. Sample  Fmax[N] Fmax[N] Fmax[N] Fmax[N]  Fmax[N] Fmax[N] Fmax[N] Fmax[N] 

1  1513 1203 1288 1711  938 743 796 1049 

2  1498 1217 1329 1691  921 736 794 1015 

3  1483 1181 1279 1705  915 743 852 1062 

4  1441 1228 1270 1742  906 734 835 1036 

5  1560 1195 1386 1704  925 752 818 1063 

           

Average  1499 1205 1310 1711  921 742 819 1045 
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Fig. 3. Force vs displacement curves for notched specimens under tensile loading: a) PLA; b) PLA-CF. 

 
The results have been summarized in terms of SED value as shown in Fig. 4. In particular, Fig. 4 a) and c) show 

the procedure considered to determine the control volume characteristic length   ; due to the variability that can be 
seen in the results also for specimens having the same nominal geometry,    has been determined by minimizing the 
error in the SED summary of the results. Due to the behavior shown by both materials, it was not possible to 
consider them as brittle and an equivalent elastic model had to be established. Therefore, the critical strain energy 
density, determined through the smooth specimens, was evaluated considering the true strain – true stress curve of 
the material leading for PLA to                               and   =0.81mm while for PLA-CF to 
                             and   =0.30mm. According to the explained procedure, the critical loads for the 
different geometries and the different materials considered are predicted by the method with an average error of 
±7%; besides, as it is possible to see from Fig. 4 b) and d), the method predicts a minimum of the critical load to 
failure for 60°, in agreement with the experimental results. 
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Fig. 4. a) SED vs.    trend with critical SED value as determined from smooth specimens and b) SED summary for PLA specimens with 
experimental and predicted fracture load; c) SED vs.    trend with critical SED value as determined from smooth specimens. 

5. Conclusions 

In this work the behavior of PLA and PLA-CF specimens realized through FDM process and weakened by V-
notches has been investigated in mode I loadings condition while changing the notch opening angle through the use 
of SED method. The critical SED value, considered for the application of the method, have been evaluated through 
the true strain – true stress curve; the ductile behavior shown by both materials required for the consideration of an 
equivalent elastic material for a consistent application of the method. It has been shown that, considering an 
equivalent elastic material, the method is able to predict the expected fracture load with an average error of ±7% 
considering both sets of specimens; besides, in agreement with the experimental results, the method predicts a 
minimum of the critical load to failure for 60°. 
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1. Introduction 

Additive manufacturing (AM) is a manufacturing process where the material is deposited in a layer by layer fashion 
according to the design data. It can process polymers, composites, ceramics, and metallic materials. Powder bed fusion 
(PBF) and directed energy deposition (DED) are two major types of AM processes for processing metallic materials. 
While the PBF process offers higher dimensional accuracies than the DED process, the DED process has the ability 
to fabricate parts with much higher layer thickness as compared to the PBF process (Singh and Deoghare 2022; Dávila 
et al. 2020). Increasing layer thickness can significantly improve the material deposition rate and hence, the 
manufacturing lead time. Ti6Al4V alloy is one of the widely used materials in the aerospace, biomedical, and 
automobile industries, having excellent mechanical properties such as strength-to-weight ratio, toughness, fatigue, and 
ductility properties (S. Liu and Shin 2019). However, due to poor machinability and difficulties in processing Ti6Al4V, 
AM of Ti6Al4V is gaining attention in the manufacturing world (Arrazola et al. 2009). The applications of Ti6Al4V 
alloy in the aerospace, biomedical and automotive industry has been reported in the literature (Tamayo et al. 2021; Z. 
Liu et al. 2021; Duraiselvam et al. 2014; Froes et al. 2004). The design freedom and ability to fabricate complex parts, 
the laser AM of Ti6Al4V has been investigated extensively in the literature. It is reported that post-processing of 
additively manufactured parts is important to obtain a smooth and regular surface as the surface roughness of the 
additively manufactured Ti6Al4V parts is more than those of the parts obtained from casting (de Oliveira Campos et 
al. 2020). It is also reported that the properties of Ti6Al4V parts manufactured by PBF and DED process are 
competitive to that of cast materials and other additively manufactured parts (Baufeld, Biest, and Gault 2010). 
However, the fatigue performance of additively manufactured parts is generally lower than that of wrought 
counterparts (Sterling et al. 2015). It is also reported that the as-built samples have lower fatigue performance than 
those of machined samples of the additively manufactured samples (Le et al. 2020). 

The fatigue performance of additively manufactured Ti6Al4V alloy can be improved by employing various post-
processing operations, including heat treatment, hot isostatic pressing (HIP), shot peening, laser shock peening (LSP), 
etc. (Cao et al. 2018; Li et al. 2016; Kahlin et al. 2020). After such post-processing, some fatigue performances were 
more than those of the wrought parts (Li et al. 2016). This has further been supported by the findings from (Günther 
et al. 2017). A smoother surface is favorable for a higher fatigue performance and rough surfaces should be reduced 
to a possible and reasonable level (Bagehorn, Wehr, and Maier 2017; Pegues et al. 2018). LSP is one of the promising 
post-processing methods that induce compressive residual stress (CRS) on surfaces with or without the application of 
an overlay layer and protective layer. Internal defects on the prepared samples were the main reasons for the part 
failure during the ultra-high cycle fatigue of Ti6Al4V samples manufactured by the selective laser melting (SLM) 
process (Jiang et al. 2021). Improvement in fatigue life after LSP was observed for different AM processes such as 
SLM, PBF, electron beam melting (EBM), etc. (Jin et al. 2020; Aguado-Montero et al. 2022; Kahlin et al. 2020).  

With all these advances, the scientific literature available in this research area is mostly focused on the powder 
PBF-based AM processes. Most of the available information is on the thin layer thickness process. With DED, the 
layer thickness can be significantly increased (more than 1 mm). The research on the fatigue performance of high layer 
thickness is limited, and further research is needed with regards to the high layer thickness LDED process as well as 
enhancing the fatigue life with post-processing methods such as LSP. The present paper is focused on the fatigue life 
enhancement of Ti6Al4V alloys manufactured by the LDED process using the LSP process. 

 
Nomenclature 

AM additive manufacturing  
ASTM American Society for Testing and Materials 
CRS compressive residual stress 
CNC computer numerical control 
DED  directed energy deposition 
EDM electrical discharge machining 
HIP hot isostatic pressing 
LDED laser directed energy deposition 
LPBF laser powder bed fusion 
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LSP laser shock peening 
PBF powder bed fusion 
SLM selective laser melting 
SEM scanning electron microscope 

 

2. Methods and materials 

The fatigue samples were prepared in the Meltio M450 DED machine according to the ASTM E-466/22 standard 
with the process parameters given in Table 1. Ti6Al4V wire alloy of 1 mm diameter was supplied for an average layer 
thickness of 1.2 mm during the deposition process. Constant Argon gas was supplied to prevent immediate oxidation 
during the deposition process. Air conditioning was also maintained in the printing chamber. An initial periphery 
deposition around the fatigue samples was adopted and then an alternate 450 deposition pattern was used in between 
the layers. The fabricated samples were separated from the substrate by using wire-cut electrical discharge machining 
(wire-cut EDM). The surfaces were machine and polished with grit sizes ranging from 100 to 2200 to obtain a crack-
free, flat polished surface before the fatigue test and LSP process. Fig. 1(a) shows as-printed samples, Fig. 1(b) shows 
the machined surface and Fig. 1(c) shows the polished samples. 

One set of samples was subjected to the LSP process. The fatigue samples were peened two times on both sides 
using a Litron Nd:YAG laser of 1064 nm wavelength with a laser diameter of 0.8 mm, and a spot overlapping of 60%. 
A pulse width of 6 ns and repetition rate of 10 Hz with a maximum energy of 370 mJ was applied. To provide the 
maximum possible pressure, an overlay of water was provided. A sacrificial layer of black tape was provided to 
minimize material ablation on the Ti6Al4V alloy. Fig. 2 shows the LSP setup where a focusing lens is used to focus 
the laser from the deflecting lens on the samples, as shown in Fig. 2(a). The sample is kept inside a tray controlled by 
CNC. A constant stream of water is supplied, as seen in Fig. 2(b). The LSPed samples are shown in Fig. 2(c). The 
fatigue test was conducted on both sets of samples: (a) LDED only and (b) LDED+LSPed samples under the load of 
650 MPa and a load ratio -1 with 5 Hz frequency for sample numbers 1, 2, and 4. For sample no. 3, different frequency 
ranges (5 Hz, 10 Hz, and 15 Hz) were used to test the reaction of the samples under different frequencies. The fractured 
surfaces were analyzed using a scanning electron microscope (SEM) to study the fractography and microstructural 
details. 

 
.    Table 1. Process parameters used during the LDED process. 

Dataset no. 1 2 3 4 

Power (W) 800 850 900 950 

Speed (mm/s) 10 10 13 13 

Layer thickness (mm) 1.2 

Wire diameter (mm) 1 

Deposition pattern Alternative 450 deposition with 
initial periphery deposition 
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Fig. 1. (a) Fabricated fatigue samples (b) machined samples and (c) polished fatigue samples. 

 
Fig. 2: (a) LSP setup, (b) LSP of the samples, (c) LSPed samples. 
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3. Results and discussions 

The initial microscopic inspection of the fabricated samples revealed surface micro-cracks which are common to 
AM and welding processes. These cracks were not visible to visual inspections. Upon polishing, these cracks were 
eliminated and a polished surface without cracks were obtained before the fatigue testing. Isolated and very small 
voids were observed on the interface between the deposition pattern and the initial boundary deposition. Such voids 
can act as a crack initiation point. There was a 61.4% increase in fatigue life from sample no. 1 to 2, followed by a 
15.6% decrease from sample no. 2 to 3 and 25.7% from sample no. 3 to 4 in LDED-only samples as seen in Fig. 3(a). 
The increase in the fatigue life is mainly due to an increase in laser power, allowing for more proper melting and re-
melting of the successive layers. However, further increasing the laser power results in slower cooling of the fabricated 
parts, resulting in coarser microstructures that are not favorable for fatigue life (Amine, Newkirk, and Liou 2014; 
Farshidianfar, Khajepour, and Gerlich 2016). Higher laser power encourages more deformation, and a higher 
heating/cooling cycle induces more unwanted stresses. This is the reason for the reduced fatigue life in sample no. 
3&4. 

Significant improvement in the fatigue life in samples 1 (56.51%) and 4 (39.26%) was observed for the 
LDED+LSPed as compared to samples without LSP. However, for samples 2 and 3, a slight decrease of 0.99% and 
11.40%, respectively were observed for LDED+LSPed samples as compared to the LDED-only samples. The primary 
reason for the decrease in fatigue life is the gaps observed in samples 2&3 in the LSPed area, as shown in Fig. 3(a). 
Another reason can be due to internal defects on the LDED+LSPed samples, surface cracks, or due to uneven 
distribution of LSP on the surfaces. Even though the samples of the same process parameters were prepared in one 
go, there are still chances that microstructure and void distribution can be different, resulting in different fatigue life. 

The mode of fatigue failure was prominently ductile mode of failure. Multiple cracks and voids were observed 
during the fractography of the fractured surfaces. River lines, voids (dimples), striations, and cracks were observed as 
seen in Fig. 3(b). No significant difference in the fracture pattern was observed between the LDED-only samples and 
LDED+LSPed samples, as seen in Fig. 4. This shows the effects of LSP are limited to surfaces and near-surface only 
which is in agreement with the results in the literature (X. Zhang et al. 2022; Hareharen et al. 2023; Bai et al. 2023). 
The fatigue performance is within the range of existing literature (M. Zhang et al. 2018; Ghouse et al. 2018). This is 
significant considering the high layer thickness adopted in the current study. 

 

Fig. 3: (a) fatigue life of LDED and LDED+LSPed samples, and (b) SEM image of fractured surface. 
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Fig. 4: SEM images of the fractured surfaces in (a&b) LDED only and (c&d) LDED+LSPed fractured surface. 

4. Conclusions 

This research explored the high-layer thickness AM of Ti6Al4V alloy using the LDED process and enhancing the 
fatigue performance of these fabricated parts by using the LSP process. The surface micro-cracks were eliminated 
after polishing. These cracks are common to both AM and welding processes due to extreme temperature gradients. 
The fatigue life of the samples increased at first as the power increased, but a decreasing trend was observed due to 
longer cooling time, leading to coarser grains. Significant improvement in the fatigue life in samples 1 (56.51%) and 
4 (39.26%) was observed for the LDED+LSPed. However, for samples 2 and 3, a slight decrease of 0.99% and 
11.40%, respectively, in fatigue life, were observed for LDED+LSPed samples as compared to the LDED-only 
samples. Gaps seen in the LSPed area in samples 2 and 3 were the primary reason for the decrease in fatigue life. 
Internal defects and voids are also another reason for the decreased fatigue life. 
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Abstract 

The aim of this paper is to analyze the effect of increasing the wall thickness in injection molded short fiber reinforced polymer 
(SFRP) parts, focusing mainly on tensile strain and tensile strength, as these are the most used characteristics for structural 
analyses. The phenomena that makes this evaluation of interest has to do with the microstructure of SFRP injection molded parts 
and how the fibers get oriented along the flow direction at superficial depths with an increasingly less aligned structure down to 
the mid plane/surface. By increasing the injected part wall thickness the ratio between the thicknesses of highly oriented layers 
and poorly oriented layers decreases, thus the tensile properties of the material should suffer a decrease as well.  
In order to study the mentioned hypothesis two types of materials were tested, PPA GF33 and PPS GF40, dog-bone type 
specimens were cut at different angles to the flow direction from injection molded plates of 2 and 3 mm wall thickness values. 
The tensile strains were recoded using a video extensometer and material data was calibrated using Digimat MX reverse 
engineering module and Ansys properties homogenization tool and finite element solver. 
Keywords: wall thickness, composite materials, tensile tests 

1. Introduction 

The widespread use of high-performance engineering thermoplastic materials in industry is pushing for 
increasingly higher demands in terms of performance, efficiency and costs. Especially, in the automotive sector short 
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fiber reinforced polymers (SFRP) are the chosen materials for many components and assemblies, even for many 
applications that in the near past were considered completely metal dependent. 

This family of composite materials can offer many advantages as they blend plastic materials lightness and mass 
scale manufacturability with the glass or carbon fibers high mechanical properties. Thus, the preferred 
manufacturing technology for SFRP parts is plastic injection molding, which comes with a series of advantages but 
also with some challenges that need to be comprehensively understood even from design phases. 

Plastic injection molding is quite advantageous as a manufacturing technology due to the good mechanical 
properties of the resulted parts, repeatable tolerancing and dimensional stability as well as directly out of mold 
desired surface finishing, reduction of technological and manipulation operations, cost efficiency as a result of mass 
scale production and low takt times per part. But for all it’s advantages plastic injection molding technology is a very 
complex process with a lot of interdependent parameters and variables which have to be carefully balanced to get the 
best results, such as molding tool design, manufacturing and materials, raw materials state and quality, process 
temperatures, pressures and durations, but one of the greatest influence of SFRP parts quality, strength and behavior 
is the design of the part itself. As the injection molding technology is based on pressurized plastic melt flow through 
the mold cavity and simultaneously with liquid to solid phase transformation, the resulting part presents 
differentiated orientation of the fibers to the melt flow direction, and not only in different areas of the parts geometry 
but also throughout the thickness of the parts walls Bernasconi et al. (2007), Castagnet et al. (2021), Holmström et 
al. (2020); Huszar et al. (2015), Jørgensen et al. (2019), Stepashkin et al. (2018). This being such an high demand 
process and technology, but a very complex one, there is a high research interest with some of the works referenced 
in this paper being Bernasconi et al. (2007), Choi & Takahashi (1992), Hassan et al. (2004); Huang et al. (2019); 
Isaincu et al. (2021), Lohr et al. (2018), Micota, Isaincu, & Marsavina (2021), Ogierman & Kokot (2016), Oseli et 
al. (2020); Şerban et al. (2012, 2016), Skourlis et al. (1998), Takahashi et al. (2014), Zhang et al. (2014), Zhao et al. 
(2019). 

The effect of different wall thicknesses on the mechanical properties and strength of the resulted injected SFRP 
parts was investigated in this paper. The phenomena is that increased wall thicknesses create a higher volume mid-
plane flow channel, the fibers of the material in those channels cannot be aligned in the melt flow direction by the 
mold walls, thus freezing in a random orientation at the moment when the tool cavity is fully filled. Throughout the 
parts wall thickness the percentage of highly oriented fibers in the melt flow direction is decreasing with the increase 
of the overall designed wall thickness. 

2. Tested materials 

This paper is continuing the work presented in Micota, Isaincu, & Marsavina (2021), so the same two 
thermoplastic materials were studied, once again provided by the Solvay group. One being a polyphthalamide (PPA) 
reinforced with 33% short glass fiber inclusions (GF33) and the other material a polyphenylene sulfide (PPS) with a 
higher quantity of the same type of inclusions, 40% (GF40). These two materials can be found under the commercial 
designations of AMODEL AE-4133 for the PPA and Ryton R-4-270BL for the PPS. Both materials have a semi-
crystalline structure of their matrix base polymers and are included in the high-performance class of engineering 
plastic materials. Also, they are widely used in the automotive industry in tough work environments regarding 
temperatures, loads and chemical agents. 
 

3. Experimental testing 

As results obtained for this paper have been compared with ones from Micota, Isaincu, & Marsavina (2021), 
much of the specimen preparation and test methodology was kept the same, in order to influence as few variables as 
possible. 

The specimens for this test campaign were obtained from square injection molding plates of PPA and PPS, 
measuring approximately 100mm on their sides and approximately 3.2mm thick. The tool cavity was filled via a 
cold runner and a side positioned fan gate, in order to uniformly distribute the flow front along the plate’s length, 
resulting in a highly oriented fiber orientation pattern in the fill direction. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2024.02.049&domain=pdf
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fiber reinforced polymers (SFRP) are the chosen materials for many components and assemblies, even for many 
applications that in the near past were considered completely metal dependent. 

This family of composite materials can offer many advantages as they blend plastic materials lightness and mass 
scale manufacturability with the glass or carbon fibers high mechanical properties. Thus, the preferred 
manufacturing technology for SFRP parts is plastic injection molding, which comes with a series of advantages but 
also with some challenges that need to be comprehensively understood even from design phases. 

Plastic injection molding is quite advantageous as a manufacturing technology due to the good mechanical 
properties of the resulted parts, repeatable tolerancing and dimensional stability as well as directly out of mold 
desired surface finishing, reduction of technological and manipulation operations, cost efficiency as a result of mass 
scale production and low takt times per part. But for all it’s advantages plastic injection molding technology is a very 
complex process with a lot of interdependent parameters and variables which have to be carefully balanced to get the 
best results, such as molding tool design, manufacturing and materials, raw materials state and quality, process 
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in this paper being Bernasconi et al. (2007), Choi & Takahashi (1992), Hassan et al. (2004); Huang et al. (2019); 
Isaincu et al. (2021), Lohr et al. (2018), Micota, Isaincu, & Marsavina (2021), Ogierman & Kokot (2016), Oseli et 
al. (2020); Şerban et al. (2012, 2016), Skourlis et al. (1998), Takahashi et al. (2014), Zhang et al. (2014), Zhao et al. 
(2019). 
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plane flow channel, the fibers of the material in those channels cannot be aligned in the melt flow direction by the 
mold walls, thus freezing in a random orientation at the moment when the tool cavity is fully filled. Throughout the 
parts wall thickness the percentage of highly oriented fibers in the melt flow direction is decreasing with the increase 
of the overall designed wall thickness. 

2. Tested materials 

This paper is continuing the work presented in Micota, Isaincu, & Marsavina (2021), so the same two 
thermoplastic materials were studied, once again provided by the Solvay group. One being a polyphthalamide (PPA) 
reinforced with 33% short glass fiber inclusions (GF33) and the other material a polyphenylene sulfide (PPS) with a 
higher quantity of the same type of inclusions, 40% (GF40). These two materials can be found under the commercial 
designations of AMODEL AE-4133 for the PPA and Ryton R-4-270BL for the PPS. Both materials have a semi-
crystalline structure of their matrix base polymers and are included in the high-performance class of engineering 
plastic materials. Also, they are widely used in the automotive industry in tough work environments regarding 
temperatures, loads and chemical agents. 
 

3. Experimental testing 

As results obtained for this paper have been compared with ones from Micota, Isaincu, & Marsavina (2021), 
much of the specimen preparation and test methodology was kept the same, in order to influence as few variables as 
possible. 

The specimens for this test campaign were obtained from square injection molding plates of PPA and PPS, 
measuring approximately 100mm on their sides and approximately 3.2mm thick. The tool cavity was filled via a 
cold runner and a side positioned fan gate, in order to uniformly distribute the flow front along the plate’s length, 
resulting in a highly oriented fiber orientation pattern in the fill direction. 
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The chosen wall thickness values to be analyzed, 2 and 3.2 mm, are right in the recommended range for injection 
molded short fiber reinforced plastic parts, this range being in between 1 and 5 mm and is common knowledge in 
the plastic injection molding industry based on many years of experience and material suppliers recommendations. 
Some of the reasons why is not recommended to inject SFRP in molds that produce wall thicknesses lower than 1 
mm include high resistance to flow of the material, increased injection pressures, accelerated wear of the molds, risk 
of unfilled cavities, thus making such a process very difficult from a technological point of view. On the maximum 
side of the recommended thickness range it is easy to inject SFRP material in molds which produce wall thickness 
over 5 mm but the resulting parts will have major issues with shrinkage and warpage as the part cannot be 
effectively cooled throughout it’s cross section. 

From the described plates, dog-bone tensile specimens were cut via CNC machining at different angles to the 
melt flow direction, according to ISO 527-2 (2016). The relatively small size of the plates has limited the tensile 
specimen size and the 1BA type was chosen from the standard, Fig. 1 (a). The in-cut finish of the specimens after 
the CNC routing was very good, so no further preparation was needed before testing. To ensure the best fiber 
orientation distribution for each specimen, only one was cut from each plate’s central area. For each of the 2 
materials a total of 30 specimens were tested, 5 for each angle/orientation (0°, 15°, 30°, 45°, 60° and 90°) compared 
to the melt flow direction, all specimen orientation can be seen in Fig. 1 (b). 

 

 

(a)                                                                                       (b) 

Fig. 1. (a) ISO 527-2 1BA dog-bone tensile specimen with increased thickness (3.2 mm); (b) specimen angles/orientations to the melt flow 
direction. 

All tensile tests were performed on the same machine as for the referred lower wall thickness specimen tests, an 
Instron 8874 biaxial servo-hydraulic testing system, being capable of axial, torsional and combined axial-torsional 
loadings, but only the static axial capabilities of the machine were used for the tests. For specimen clamping the 
machine is equipped with Series 2742-30 kN fatigue rated hydraulic wedge grips, these allow for a precise control 
of the tightening pressure in order to prevent the specimens from slipping while also not crushing them. The design 
of the equipped grips also allows for automatic compensation in specimen thickness, maintaining a constant grip 
force across the test duration. The engineering axial strain of the specimens was measured with the Instron SVE1 
(Standard Video Extensometer 1) 2663-822. 

The rate of loading for these tests was done according to ISO 527-1 (527-1, 2016) with a constant speed of 5 
mm/min and all the test were performed at room temperature. Given the high glass fiber content of both materials no 
necking phenomena was observed during the tests, all of the fractures being quasi-brittle. 

4. Results and comparison 

The results of the previously described tensile tests are presented in terms of engineering stress and strain in Fig. 
2 for the PPA-GF33 material and in Fig. 3 for the PPS-GF40 material. For both materials the increased wall 
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thickness (3.2 mm) results are presented side by side with the lower wall thickness (2 mm) test results from Micota, 
Isaincu, & Marsavina, (2021), keeping also the same curves scale for a good comparison and visualization of the 
wall thickness influence at each orientation for both materials. As 5 specimens were tested for each material, wall 
thickness and orientation, only one representative curve was plotted for good graphs intelligibility. 

 

 
(a)                                                                (b) 

Fig. 2. Engineering stress-strain curves for PPA-GF33 with low 2 mm wall thickness (a) and increased (3.2 mm) wall thickness. 

At a quick glance over the curves for PPA-GF30 it is obvious that the increase in wall thickness has a major 
influence over the mechanical properties of the injection molding plates specimens. One of the overall tendencies is 
that the strength (stress) is decreasing with the increase in wall thickness for the lower angles-oriented specimens 
(0°, 15°). While the strains at break are substantially decreasing with the increase in wall thickness for the higher 
angles-oriented specimens (30°, 45°, 60° and 90°). Average values of the stress and strains at break can be read in 
Table 1, together with the standard deviations and the percentual coefficient of variation, calculated for each of the 
5-specimen batch. The values for Young’s modulus are also in Table 1, as they are less observable from the graphs. 
Table 1 also contains the percentual difference compared to the values of the 2 wall thicknesses, with the proper 
signs for decrease (-) or increase (+) of the 3.2mm specimens values over the 2mm specimens. 

 

 
(a)                                                                (b) 

Fig. 3. Engineering stress-strain curves for PPS-GF40 with low 2 mm wall thickness (a) and increased (3.2 mm) wall thickness. 

Looking over the side-by-side graphs for the 2mm and 3.2mm thick PPS-GF40 specimens from Fig.3 it can be 
observed that the brittleness on the thicker specimens is increased as less plasticity is present, and strain at break 
over the whole orientation range is significantly decreased. For this material the stress at break is also strongly 
reduced for the higher thickness specimens for all angles/orientations except 90°. 
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of the tightening pressure in order to prevent the specimens from slipping while also not crushing them. The design 
of the equipped grips also allows for automatic compensation in specimen thickness, maintaining a constant grip 
force across the test duration. The engineering axial strain of the specimens was measured with the Instron SVE1 
(Standard Video Extensometer 1) 2663-822. 

The rate of loading for these tests was done according to ISO 527-1 (527-1, 2016) with a constant speed of 5 
mm/min and all the test were performed at room temperature. Given the high glass fiber content of both materials no 
necking phenomena was observed during the tests, all of the fractures being quasi-brittle. 

4. Results and comparison 
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Fig. 2. Engineering stress-strain curves for PPA-GF33 with low 2 mm wall thickness (a) and increased (3.2 mm) wall thickness. 

At a quick glance over the curves for PPA-GF30 it is obvious that the increase in wall thickness has a major 
influence over the mechanical properties of the injection molding plates specimens. One of the overall tendencies is 
that the strength (stress) is decreasing with the increase in wall thickness for the lower angles-oriented specimens 
(0°, 15°). While the strains at break are substantially decreasing with the increase in wall thickness for the higher 
angles-oriented specimens (30°, 45°, 60° and 90°). Average values of the stress and strains at break can be read in 
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signs for decrease (-) or increase (+) of the 3.2mm specimens values over the 2mm specimens. 
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Fig. 3. Engineering stress-strain curves for PPS-GF40 with low 2 mm wall thickness (a) and increased (3.2 mm) wall thickness. 

Looking over the side-by-side graphs for the 2mm and 3.2mm thick PPS-GF40 specimens from Fig.3 it can be 
observed that the brittleness on the thicker specimens is increased as less plasticity is present, and strain at break 
over the whole orientation range is significantly decreased. For this material the stress at break is also strongly 
reduced for the higher thickness specimens for all angles/orientations except 90°. 
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Another phenomenon that can be observed between the thicknesses for both materials is that the 2mm thick 
specimens have a wider spread of the stress-strain curves in the orientations range, while the ones for 3.2mm wall 
thickness are more closely grouped. This is an indication of the anisotropy of the 2 types of specimen thicknesses, 
high anisotropy in the orientations range for 2mm thickness and low anisotropy for increased wall thickness 
(3.2mm). Regardless of specimen orientation the material response to loading being similar to an extent, for the 
higher wall thickness specimens. 

     Table 1. Mean values (μ), standard deviation (σ), and coefficient of variation (CV) for the Young’s modulus, tensile 
strength and strain at break of the increased wall thickness (3.2mm) specimens for PPA-GF33 and PPS-GF40, also the 
percentual difference (PD) from the lower wall thickness (2mm) specimens. 

Mat. 

 

θ 
(°) 

 Young’s modulus  Tensile strength  Strain at break 

μ 
(MPa) 

σ 
(MPa) 

CV 
(%) 

PD 
(%) 

μ 
(MPa) 

σ 
(MPa) 

CV 
(%) 

PD 
(%) 

μ 
(MPa) 

σ 
(MPa) 

CV 
(%) 

PD 
(%) 

PPA-
GF33 

 0  8996 ±210 2.3 -23.1  147 ±2 1.7% -21.3  2.83 ±0.07 2.6 +28.9 

 15  8797 ±101 1.2 -12.8  145 ±1 0.8% -11.2  3.21 ±0.12 3.7 +18.6 

 30  8113 ±198 2.4 +2.8  136 ±2 1.6% +3.4  3.45 ±0.05 1.6 -17.6 

 45  6980 ±407 5.8 +7.2  125 ±3 2.8% +13.4  3.74 ±0.16 4.4 -27.1 

 60  6665 ±228 3.4 +18.6  116 ±2 1.9% +16.9  3.33 ±0.04 1.1 -39.2 

 90  6363 ±209 3.3 +13.3  111 ±2 1.9% +16.0  3.57 ±0.12 3.4 -29.0 

PPS-
GF40 

 0  11693 ±733 6.3 -26.6  134 ±5 3.7% -31.1  1.45 ±0.05 3.3 -6.8 

 15  11247 ±389 3.5 -20.6  130 ±4 3.0% -26.4  1.49 ±0.06 3.9 -10.4 

 30  10074 ±333 3.3 -4.3  121 ±3 2.2% -17.5  1.59 ±0.08 5.1 -28.1 

 45  9051 ±170 1.9 +4.7  106 ±4 3.8% -12.6  1.45 ±0.09 6.4 -33.3 

 60  8887 ±591 6.6 +18.0  101 ±3 2.9% -6.6  1.37 ±0.05 3.8 -33.8 

 90  9191 ±243 2.6 +24.5  98 ±3 3.1% -0.2  1.28 ±0.05 4.2 -28.5 

 

5. Material modeling and calibration 

With the resulted experimental data, 2 two material models have been developed and calibrated, for the PPA and 
PPS, similar to (Micota, Isaincu, & Marsavina, 2021), using specialized software Digimat, MX module (Digimat 
2022.4 MX User’s Guide Digimat MX User’s Guide, 1992). This enabled the reverse engineering approach for 
homogenizing the matrix polymer properties with the elastic properties of the filler (GF), resulting in elasto-plastic 
material cards based on the Tsai-Hill fracture criterion (Tsai-Hill Criterion, n.d.). 

The reverse engineering approach of the Digimat MX (Digimat 2022.4 MX User's Guide Digimat MX Users 
Guide, 1992) module is done by varying the material parameters presented in Table 2, each in a physical accurate 
range of values, until the best possible (optimized) fitting is done simultaneously on the 0°, 45° and 90° stress-strain 
curves (engineering values in this case), Micota, Isaincu & Marsavina, (2021). The specimen geometry, elaboration 
technology and filler type have also been accounted for. 

     Table 2. Material parameters for the Tsai-Hill model used in Digimat MX calibrations. 

Material  Matrix 
Young’s 
modulus 
[MPa] 

Poisson’s 
ratio 
 
[-] 

Yield 
stress 
 
[MPa] 

Hardening 
modulus 
 
[MPa] 

Hardening 
exponent  
 
[-] 

Linear 
hardening 
modulus 
[MPa] 

Plastic 
strain 
multiplier 
[-] 

Fiber 
aspect 
ratio 
[-] 

PPA-GF33  3000 0.37 22.5 60 250 10 3.9 22 
PPS-GF40  3450 0.41 32.5 45.05 150 10 5 25 
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Graphic results of the Digimat MX calibration for both materials with the increased 3.2mm specimen thickness 
are presented in Fig. 4. The main targets of the curve fitting calibration were the 0° orientation longitudinal curves 
as these contribute the most to the overall strength of the specimens/materials. 

 
(a)                                                                (b) 

Fig. 4. Digimat calibration curves for PPA-GF33 (a) and PPS-GF40 (b) fitted at 0°,45° and 90° orientations. 

In order to build a micromechanical virtual model for each of the tested specimen type the fiber orientation tensor 
(FOT) data had to be obtained Isaincu et al.(2022). Injection molding simulations have been ran, using Autodesk 
Moldflow software Li et al.(2017), for the 3.2mm wall thickness plates with both materials. From these simulations 
the mesh and FOT files have been exported for the mapping process done in Digimat MAP module (Digimat 2022.4 
MAP User's Guide Digimat MAP User's Guide, 1992). In this process the specific orientation specimen geometries 
(already meshed in ANSYS Mechanical) are overlayed onto the mesh of the full injected plate and elements that are 
detected to share the same approximate space/volume get attributed the specific differentiated value of FOT (fiber 
orientation tensor). This mapping process is transforming the specimen models into micromechanical structures that 
are composed of many areas of different oriented fibers, which also follow a stratified structure of good and poor 
oriented fibers throughout the specimens wall thickness. Fact that can be observed in Fig. 5 where the 0° angled 
2mm thick specimen (a) presents shell-core-shell structure model, Bernasconi et al. (2007), with highly oriented 
fibers in the flow direction for the shell layers and poorly oriented fibers in the core layer. While the same angled 
specimen of the higher thickness has a skin-shell-core-shell-skin structure, in which the good orientation shell layers 
occupy less material/thickness percentage than the less in flow-oriented skin and core layers. Thus, explaining the 
reduction of in flow strength of the higher wall thickness specimens and the anisotropy difference, as the poorly 
oriented layers behave almost the same regardless of the loading angle. 
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Fig. 4. Digimat calibration curves for PPA-GF33 (a) and PPS-GF40 (b) fitted at 0°,45° and 90° orientations. 

In order to build a micromechanical virtual model for each of the tested specimen type the fiber orientation tensor 
(FOT) data had to be obtained Isaincu et al.(2022). Injection molding simulations have been ran, using Autodesk 
Moldflow software Li et al.(2017), for the 3.2mm wall thickness plates with both materials. From these simulations 
the mesh and FOT files have been exported for the mapping process done in Digimat MAP module (Digimat 2022.4 
MAP User's Guide Digimat MAP User's Guide, 1992). In this process the specific orientation specimen geometries 
(already meshed in ANSYS Mechanical) are overlayed onto the mesh of the full injected plate and elements that are 
detected to share the same approximate space/volume get attributed the specific differentiated value of FOT (fiber 
orientation tensor). This mapping process is transforming the specimen models into micromechanical structures that 
are composed of many areas of different oriented fibers, which also follow a stratified structure of good and poor 
oriented fibers throughout the specimens wall thickness. Fact that can be observed in Fig. 5 where the 0° angled 
2mm thick specimen (a) presents shell-core-shell structure model, Bernasconi et al. (2007), with highly oriented 
fibers in the flow direction for the shell layers and poorly oriented fibers in the core layer. While the same angled 
specimen of the higher thickness has a skin-shell-core-shell-skin structure, in which the good orientation shell layers 
occupy less material/thickness percentage than the less in flow-oriented skin and core layers. Thus, explaining the 
reduction of in flow strength of the higher wall thickness specimens and the anisotropy difference, as the poorly 
oriented layers behave almost the same regardless of the loading angle. 
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(a)                                                                (b) 

 

Fig. 5. Scalar field for a11 term of the fiber orientation tensor in the principal direction mapped at 0°orientation onto the 2mm thick specimen (a) 
vs. 3.2mm thick specimen (b). 

The elasto-plastic material models and the FOT mapped files have all been introduced and virtually tensile 
loaded in ANSYS Workbench as the finite element (FEA) solver. All the tested angles specimen types and materials 
have been simulated and simulation results (dotted curves) vs. test results (solid curves) can be compared in Fig.6, 
for PPA 3.2mm thick (a) and PPS 3.2mm thick (b). Curves are plotted in force over displacement, and they share the 
same scale only for the force axis, as the variations in strain at break between materials are substantial. 

A quite good calibration can be observed for the PPA material and not as good for the PPS, though the 
differences in displacement/travel between the simulation and test curves are amplified by the lower scale of the 
strain, this was imposed due to the more brittle behavior of the PPS-GF40 specimens. 

 

 
(b)                                                                (b) 

Fig. 6. Force-displacement curves of FEA validation material models at all tested orientations for PPA-GF33 (a) and PPS-GF40 (b). 

6. Conclusions 

This paper investigates the effects of increasing the wall thickness of SFRP injected parts and it has focused on 
the mechanical properties also going through material modeling and structural FEA simulations and calibrations. As 

8 Dan Micota / Structural Integrity Procedia  00 (2019) 000–000 

well as test results and comparisons with lower wall thickness injected plate specimens from previous work from the 
authors is has also detailed a comprehensive workflow for modeling and simulating SFRP injected 
parts/components, starting with injection molding simulations (Autodesk Moldflow), material modeling with 
Digimat MX, FOT mapping with Digimat MAP and FEA solver for structural simulation ANSYS Mechanical. 

The main conclusions that can be drawn are the following: 
 Good results were obtained from the increased specimens thickness tests considering the shape of the stress-

strain curves and the small dispersion of the obtained data. 
 The influence of wall thickness on the mechanical properties of SFRP injected components is substantial, 

growth of wall thickness leading to a general decrease in properties. 
 This tendency is accentuated longitudinally in terms of rigidity and strength, and quite unobservable 

transversally. 
 Strains at break decrease over the whole orientation range for increased wall thickness. 
 The main reason for this phenomenon is due to the mid layer fountain effect, as the wall thickness increases 

the central melt layer that freezes last is thicker, and it freezes with an un-oriented fiber structure. 
 Also, the overall anisotropy at higher wall thicknesses decreases as the difference in FOT between layers is 

decreased, thus the stress-strain curves are more closely spread in Y direction (stress axis). 
Future directions might be the following: 
 Tensile tests for both material at lower (-40°C) and higher (up to +120°C) temperatures. 
 Improve the calibration of the material model using Digimat. 
 Compare material model calibration results with Ansys Material Designer. 
 Validate the material models using a mechanical test for an injected automotive part. 
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Fig. 5. Scalar field for a11 term of the fiber orientation tensor in the principal direction mapped at 0°orientation onto the 2mm thick specimen (a) 
vs. 3.2mm thick specimen (b). 

The elasto-plastic material models and the FOT mapped files have all been introduced and virtually tensile 
loaded in ANSYS Workbench as the finite element (FEA) solver. All the tested angles specimen types and materials 
have been simulated and simulation results (dotted curves) vs. test results (solid curves) can be compared in Fig.6, 
for PPA 3.2mm thick (a) and PPS 3.2mm thick (b). Curves are plotted in force over displacement, and they share the 
same scale only for the force axis, as the variations in strain at break between materials are substantial. 

A quite good calibration can be observed for the PPA material and not as good for the PPS, though the 
differences in displacement/travel between the simulation and test curves are amplified by the lower scale of the 
strain, this was imposed due to the more brittle behavior of the PPS-GF40 specimens. 

 

 
(b)                                                                (b) 

Fig. 6. Force-displacement curves of FEA validation material models at all tested orientations for PPA-GF33 (a) and PPS-GF40 (b). 
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The main conclusions that can be drawn are the following: 
 Good results were obtained from the increased specimens thickness tests considering the shape of the stress-

strain curves and the small dispersion of the obtained data. 
 The influence of wall thickness on the mechanical properties of SFRP injected components is substantial, 

growth of wall thickness leading to a general decrease in properties. 
 This tendency is accentuated longitudinally in terms of rigidity and strength, and quite unobservable 

transversally. 
 Strains at break decrease over the whole orientation range for increased wall thickness. 
 The main reason for this phenomenon is due to the mid layer fountain effect, as the wall thickness increases 

the central melt layer that freezes last is thicker, and it freezes with an un-oriented fiber structure. 
 Also, the overall anisotropy at higher wall thicknesses decreases as the difference in FOT between layers is 

decreased, thus the stress-strain curves are more closely spread in Y direction (stress axis). 
Future directions might be the following: 
 Tensile tests for both material at lower (-40°C) and higher (up to +120°C) temperatures. 
 Improve the calibration of the material model using Digimat. 
 Compare material model calibration results with Ansys Material Designer. 
 Validate the material models using a mechanical test for an injected automotive part. 
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Nomenclature 

εa  strain amplitude  
σy yield strength 
σu tensile strength 
σ stress 
t time 
E  Young’s modulus  
Nf number of cycles to failure 
LCF low cycle fatigue 
HCF high cycle fatigue 

 
toughness, ductility, and weldability along with dimensional stability (Kempen K at al. 2011). Because of their 
martensitic matrix, these materials require a rapid quench from the austenitic region to temperatures below the 
martensite start temperature, which makes them particularly suited for the selective laser melting (SLM) technology. 
Although this alloy produced by SLM has been relatively studied in terms of microstructure features (Macek W. et al. 
2022) and monotonic response for different manufacturing conditions (Branco, R. et al. 2012, Garcias J.F. at al. 2022), 
its behaviour under fatigue loading is not clear. Fatigue tests of SLM 18Ni300 steel have been mainly focused on 
determining the basic fatigue characteristics (Branco et al., 2018) but the deep understanding of fatigue behaviour 
under more complex loading is missing. Scientists are looking for the best fatigue parameters to effectively define the 
relationship between load and durability. 

In the above-mentioned areas of application, most components experience variable-amplitude loading which makes 
them prone to fatigue failure. Under these service conditions, engineering design against fatigue requires not only a 
detailed knowledge on the loading history but also a deep understating of the cyclic deformation response (Marciniak 
Z. at al. 2008). Nevertheless, so far, very few studies have addressed the loading sequence effect and the damage 
accumulation mechanisms in fatigue life of maraging steel produced by selective laser melting. Thus, this paper studies 
the uniaxial fatigue behaviour of 18Ni300 maraging steel produced by selective laser melting under variable-amplitude 
loading.   

 

2. Material and methods  

The material selected for all experiments performed in this study was the 18Ni300 maraging steel produced by 
selective laser melting. The specimen geometries were fabricated with a vertical orientation, on the base plate, using 
a Concept Laser M3 linear printing system equipped with a Nd:YAG fibre laser (see Figure 1). The building strategy 
comprised the deposition of 40 µm thick layers, with a hatch spacing of 100 µm, at a scan speed of 200 mm/s. The 
nominal chemical composition of tested steel is presented in Table 1, and the mechanical properties are presented in 
Table 2. 
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Fig. 1. Specimen geometries used in the low-cycle fatigue tests (unit: mm). 

 

Table 1. Chemical composition (wt.%) of 18Ni300 steel manufactured by SLM. 

C Ni Co Mo Ti Al Cr P Si Fe 

0.01 18.2 9.0 5.0 0.6 0.05 0.3 0.01 0.1 balance 

Table 2. Mechanical properties of 18Ni300 steel manufactured by SLM. 

Porosity 
(%) 

Density 
(g/cm3) 

Hardness 
(HV1) 

E 
(GPa) 

σu  
(MPa) 

σy  
(MPa) 

Strain at Failure 
(%) 

0.74±0.09 7.42 354±5 168±29 1147±13 910±11 5.12±0.001 

 

The microstructure of the tested material is formed by grains elongated, with about 150 µm long and 35 µm width, 
see Fig. 2. It can also be seen martensitic needles dispersed throughout the entire surface. As expected, the laser passes 
are visible in the surface. Micrography shows small porosities (0.74%). Tests were performed in low-cycle fatigue 
(LCF) and high-cycle fatigue (HCF) regimes under fully-reversed strain-controlled conditions using cyclic sinusoidal 
waves on a 100 kN closed-loop servo-hydraulic testing machine (Instron).  
 

 

Fig. 2. Microstructure of the tested SLM 18Ni300 maraging steel. Reprinted from reference Branco et al., 2018. Low-cycle fatigue behaviour of 
AISI 18Ni300 maraging steel produced by selective laser melting, Metals 8(1), 32. 
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Fig. 3. Universal testing system Instron 8802. 

 
The loading history consisted of two blocks of three cycles each (Fig. 4), repeated until failure. In the first 

block, the amplitude increased, and in the second they decreased. The amplitudes of the individual cycles were 
50%, 75% and 100% of the maximum strain amplitude. The tests were carried out at four load levels at the 
maximum value of the strain amplitude: 1.00%, 0.75%, 0.50% and 0.35%. Twelve specimens were tested, three 
on each level.  

 

Fig. 4. The shape of the strain course carried out during the tests. 
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3. Results and discussion 

During the tests, the deformation and stress courses were recorded continuously, as exhibited in Fig. 5, 
thanks to which the analysis of the behaviour of the tested samples was possible. The tests showed different 
transient responses of the material depending on the strain level. At the two highest load levels, the samples 
showed a cyclic softening behaviour (Fig. 5a), which was evident by the decrease in stress amplitude and the 
degeneration of the hysteresis loops throughout the test (Fig. 6). On the other hand, for the two lowest strain 
levels, where the value of plastic deformation was small, a stable behaviour was observed (Fig. 5b), and the 
stress level was constant until the crack appeared, as can be inferred from the hysteresis loops shown in Fig. 7. 

 

 
Fig. 5.  Stress changes during the tests for the maximum strain amplitude:  a) 1%, b) 0.5%.   

 

 

Fig. 6. Examples of the hysteresis loops collected in the tests at a maximum strain amplitude of 1% for different stages of fatigue life: a) at the 
beginning, b) in the middle, c) before failure. 
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Fig. 7. Examples of the hysteresis loops collected in the tests a maximum strain amplitude of 0.5% for different stages of fatigue life: a) at the 
beginning, b) in the middle, c) before failure. 

 

Fig. 8. Ratio of average fatigue life to average fatigue life for 1% strain amplitude. 

 
The analysis of the obtained results showed a significant increase in durability with a decrease in the maximum 

strain amplitude. This behaviour can be seen in Fig. 8, which shows the ratio of the average fatigue life to the average 
fatigue life for a strain amplitude of 1%. Research has shown that a decrease in load amplitude by 25% resulted in an 
increase in durability about three times, and a 50% decrease in amplitude resulted in an increase in durability about 
eight times. On the other hand, reducing the amplitude value by 65% extended the durability 30 times (see Fig. 8). 

4. Conclusions  

Based on the obtained test results, it was noticed that for the two highest loading levels, where the maximum strain 
amplitude was 1.00% and 0.75%, the material cyclically softened, which was evident by about a 20% decrease in the 
stress amplitude, while for the other two loading scenarios, it behaved stably, i.e. the transient response was negligible. 
The average fatigue life increased, concerning the average fatigue life at the maximum strain amplitude of 1.00%, 
three times (at a strain amplitude of 0.75%), eight times (at a strain amplitude of 0.50%) and over thirty times (at a 
strain amplitude of 0.35%). 
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Abstract 

The present work is focused on machine learning-assisted predictions of the low cycle fatigue behaviour and fatigue crack growth 
rate (FCGR) of 17- 4 PH SS processed through L-PBF and post-processing. Various machine learning techniques reported in the 
literature provided a flexible approach for explaining the complex mathematical interrelationship among processing-structure-
property of the materials. In the present work, four machine learning (ML) algorithms, such as K- Nearest Neighbor (KNN), 
Decision Trees (DT), Random Forests (RF), and Extreme Gradient Boosting (XGB) algorithms, are implemented to analyze the 
Fatigue Crack growth rate (FCGR) of 17-4 PH SS alloy. After optimizing the hyper parameters for these algorithms, the trained 
models were found to estimate the unseen data as equally well as the trained data. The four tested ML models are compared among 
each other over the training as well as the testing phase based on their mean squared error and R2 scores. Extreme Gradient Boosting 
model has performed better for the FCGR predictions providing the least mean squared errors and higher R2 scores compared to 
other models. 
 
Keywords: Fatigue; 17-4 PH SS; Machine learning; Additive manufacturing. 

1. Introduction 

In the field of internet of things, data may now be shared and retrieved via cloud-based data storage systems from 
any location in the globe [1]. Thus, the introduction of advanced data collection and interpretation techniques, such as 
support vector mechanisms, decision trees, and random forests approaches, can address the shortcomings in the current 
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failure prediction methods, such as inconsistency in the prediction and inability to solve complex nonlinear damage 
mechanics [2-4]. Using a backpropagation neural network (BPNN) and extreme learning machine (ELM), Raja et al. 
[4] have estimated the FCGR of Al 2014 alloy and concluded that ELM better on the dataset. Nowadays, in the era of 
Industry 4.0, data can be shared and retrieved from anywhere around the globe using cloud-based data storage methods 
[5]. 

The term machine learning (ML) refers to the application of sophisticated algorithms developed using programming 
languages like Python to teach a computer to perform a given task accurately. Machine learning techniques are way 
too easy and flexible as compared to designing numerical equations because of their non-linear activation functions 
[6, 7]. 

2. Materials and Methods 

The 17-4 PH stainless steel is a martensitic alloy that can be precipitation hardened when used in traditional 
manufacturing processes. Within an L-PBF process, it will exhibit up to 5% lower yield strength and 6% higher 
elongation [8]. Due to their popularity in various structural applications, high fatigue resistance is particularly 
desirable for 17-4 PH SS. Therefore, many recent studies focused on the fatigue crack initiation behavior of L-PBF 
17-4 PH SS [11]. In this investigation, specimens were made from Stainless steel 17-4 PH powder that had been 
atomized with argon using the laser powder bed fusion (LPBF) method. 

In order to build the ML models, relevant experimental Fatigue data of 17-4 PH SS alloy is collected from the 
literature. Electrical discharge machining (EDM) was used to create compact tension (CT) specimens from fabricated 
samples in the EOS M290 in an argon-shielded environment [9]. CT samples containing the same measurements were 
also fabricated from wrought 17-4 PH stainless steel plates as it is pertinent to contrast the mechanical characteristics 
of L-PBF 17-4 PH SS with its wrought equivalent. Based on the orientation of the notch in regard to the building 
direction, L-PBF 17-4 PH SS specimens were machined [10-12]. After machining, L-PBF 17-4 PH SS specimens 
were put through the heat treatment processes [13, 14]. Contrary to samples treated to 1072 MPa yield strength, 1132 
MPa ultimate various deformation behaviors, the specimens treated to 1300 MPa yield strength, 1375 MPa ultimate 
strength, and 0.16 true fracture strain have more strength and ductility [15]. It is essential to determine the constituent 
phases to analyze the crack growth behavior related to microstructure because of their varied deformation 
characteristics. For this, the TCFE9 thermodynamic database for several kinds of steels and alloys based on Fe, 
including stainless steels, was used [16]. 

2.1. Fractography and the fatigue crack growth test (FCG) 

On a testing device for servo-hydraulic systems, FCG experiments were carried out. Low-stress fatigue on CT 
samples under load control, at room temperature, using a sinusoidal loading waveform with a load ratio R = 0.1 and 
a frequency f = 10 Hz until failure experiments (also known as high cycle fatigue regime) were carried out [15]. 
Because pre-cracking was conducted under the same stress as for the fatigue crack growth rate testing, there won't be 
a crack tip plastic zone size disparity to contend with. The load amplitudes ranged from 4275 N to 1575 N. The 
recorded CMOD values, the load range, and the observed cycle count were used to determine the FCG rate, da/dN, 
and stress intensity factor ranges (ΔK), in accordance with ASTM E647. Four CT samples from each group were 
subjected to FCG testing to address variability. 

The following variables are the key factors affecting Fatigue Crack Growth rate: 
• Average stress impact (mean stress effect) 
• Environment 
• Short cracking effect 
• Underloads and overloads 
The stress-life method can be used to determine a material's fatigue life, the crack-growth method, the strain-life 

method, and probabilistic methodologies. It may be based on techniques for crack or life growth. 
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2.2. Machine Learning Techniques 

With a series of data points {x(1),..., x(m)} linked to a set of outcomes {y(1),..., y(m)}, we want to build a classifier 
that can learn to predict y. Prediction type - The following table provides a summary of the various categories of 
predictive models: 

     Table 1. Categories of predictive models [4, 5]. 

An example of a column heading Column A (t) Column B (t) 

Goal Directly estimate P(y|x) Estimate P(x|y) to deduce P(y|x) 

What’s learned Decision boundary Probability distributions of the data 

Illustration 

 

 

Examples Regressions, SVMs GDA, Naive Bayes 

2.3. Hypothesis 

The model we select is indicated by the letter h. The model's output for a given input value x(i) is h(x(i)). A loss 
function is a function that determines how different two inputs—the anticipated value z that corresponds to the actual 
data value y—are from one another. 

An estimator's mean squared error in statistics calculates the average squared difference between the estimated 
values and the actual value. The expected value of the squared error loss correlates with the risk function (loss) known 
as MSE. Additionally, MSE is usually always just ever positive (and not zero) due to chance or because the estimator 
ignored information that might have allowed for a more accurate estimate. Additionally, MSE is usually always just 
ever positive (and not zero) due to chance or because the estimator ignored information that might have allowed for a 
more accurate estimate. Machine learning refers to the typical loss on a collection of observed data as MSE as an 
estimate of the true MSE. Mean absolute error is a statistician's measure of errors between identically matched 
observations. Comparing expected data to seen data is an example of a Y vs X comparison, subsequent time to initial 
time, and one measuring technique to another. Thus, the absolute errors | e I | = | y I x I |, where y(i) is the forecast and 
x(i) is the true value, are averaged using math. 

A ROC curve is produced by comparing the true positive rate (TPR) and false positive rate (FPR). The percentage 
of observations among all positive observations that were correctly anticipated to be positive is known as the true 
positive rate (TP/(TP + FN)). The false positive rate (FP/(TN + FP)) is the proportion of observations that are 
incorrectly projected to be positive among all negative observations. For instance, the true positive rate in a medical 
test is the percentage of patients who are actually diagnosed as having the disease under consideration. 

2.4. Classification and Regression 

It is a process of understanding and recognising ideas and objects, then classifying them into specified categories, 
frequently referred to as "sub-populations." Utilizing these pre-categorized training datasets, ML programs employ a 
range of methods to organize incoming information into important and acceptable classifications. Machine learning 
classifiers estimate the likelihood or probability that the data that follows will fall into one of the predetermined 
categories using the incoming training data. 

Examining a link between independent variables (features) and a dependent variable is done through regression 
(outcome). It is a machine learning-based approach to predictive modelling where an algorithm is employed to forecast 
continuous outcomes. A very popular use of machine learning models, when it comes to supervised machine learning, 
is to solve regression problems. The link between independent inputs and results is taught via algorithms (dependent 
variable). After that, the algorithm/model is applied to predict the results of novel, previously unseen input features 
or to fill in missing data. For this method of training models, the features and output must be labelled data. A crucial 



108 B. Kalita  et al. / Procedia Structural Integrity 56 (2024) 105–110
4 B. Kalita/ Structural Integrity Procedia  00 (2019) 000–000 

aspect is that the training data should be properly labelled since machine learning based regression models need to 
comprehend the link between input and output variables. 

Regression analysis, whether used to support stock market predictions or forecast healthcare trends, can give the 
different organisations important information to help make decisions. Using a sort of regression approach known as 
polynomial regression, the relationship between the features and the outcome is modelled as an nth degree polynomial. 

 

 
Fig. 1. : Linear regression curve [7] 

2.5. Comparing ML Algorithms 

ML techniques vary among themselves in terms of complexity. For instance, while neural networks employ a real-
valued function of linear variable bounds, linear regression fits linear functions. More complicated models run the risk 
of overfitting but can produce more accurate results. 

While some models such as linear regression and neural network (NN) have minimal parameters, others require 
more decision-making to be optimized such as Support Vector Machines (SVMs). Models vary in how quickly they 
can fit the required parameters. The speed at which a model can predict a given query varies between the models. 

Some models are more understandable and straightforward than others (white box vs. black box models). If a model 
can take the inputs, and routinely get the same outputs, the model is interpretable. Interpretability poses no issue in 
low-risk scenarios. If a model is recommending movies to watch, that can be a low-risk task. Interpretability 
sometimes needs to be high in order to justify why one model is better than another. 

3. Results and Discussion 

Relevant experimental Fatigue data of 17-4 PH Stainless Steel has been gathered in order to create the ML model 
from already published and pertinent literature. For the purpose of determining the FCGR properties, conventional 
Compact Tension (CT) samples were made from grade 5 17-4 PH SS spherical powder. Sizes of the powder particles 
ranged from 15 to 45 micrometers. FCGR tests were carried out in accordance with ASTM E647 guidelines. A pre-
crack of size 1mm was generated and manufactured prior to FCGR examination. V. Cain et al. observed three 
alternative build orientation XY, XZ, and ZX as well as post-processing methods for each orientation as-built, heat 
treated, and stress relieved were varied along with cyclic loading of 5 Hz and a 0.1 stress ratio under processing 
conditions. Following stress release, heat-treated samples were annealed at 890 °C for two hours after being soaked 
at 650 °C for a few hours. The data for the post-processing mentioned above were pulled from the literature while the 
process parameters were optimized. For the predictive study of the FCGR of 17-4 PH SS, data from the Paris law 
graphs are collected and used for each distinct processing and post-processing scenario. The dada points which are 
collected are plotted for visualization during the analysis and shown in Figure. 2. 

3.1. Data and description 
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Fig. 2. SIF vs fatigue crack growth rate (a) different L-PBF studies, (b) XY, (c) XZ and (d) ZX specimen build orientation. 

3.2. Prediction model 

Fig. 3. Actual and prediction plots for fatigue crack growth rate predictions (a) normal plot and (b) scattered plot. 

a b a b 

a b 

c d 
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4. Conclusion 

Fatigue crack growth rate behaviour of additively manufactured (fabricated by L-PBF) 17-4 PH SS alloy with 
respect to different specimen conditions was analyzed by using machine learning techniques. The following findings 
have been drawn from this study. It is suggested to calculate the growth of fatigue cracks using machine learning 
techniques, and the linear regression model has been used to investigate the link between the rate of fatigue crack 
growth and the stress intensity component. Utilizing testing data from various datasets, the trained model was verified. 
The findings reveal that the model can accurately predict the fatigue crack formation rate nonlinearities, and the 
performance of model-based fatigue crack growth is acceptable for diverse experimental results. It was observed that 
the Linear Regression algorithm has led to best R2 score and least mean squared error in predicting the FCGR of 17-
4 PH SS alloy. In the feature importance analysis, apart from ∆K, the important parameters identified are Post 
Processing technique and Built Orientation for predicting the FCGR of 17-4 PH Stainless Steel alloy. Since the 
optimization of processing and post processing parameters are still in developing stage in metal additive 
manufacturing, data-driven models can help in establishing the appropriate set of input variables. An effective property 
predictive model can improve the understanding of FCGR mechanisms which would help to design the materials with 
high performance. 
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Abstract 

FDM is one of the most popular additive manufacturing techniques through 3D printing. Within this technique, one of the 
intensively studied subjects is the analysis of the factors that influence the mechanical behavior of the 3D printed parts. However, 
despite numerous studies that show the influence of parameters such as raster orientation, layer height/thickness, build orientation, 
number of layers, there are some other process parameters which are less analyzed. Due to some interactions between the effects 
due to different parameters, it becomes challenging to analyze influences on the mechanical behavior of 3D printed materials. Less 
studied subject is the mechanical behavior of the extruded filament through the nozzle and the interaction between deposited traces. 
The mechanical behavior of the air extruded filament, the one trace, two traces and fourteen traces deposition were experimentally 
analyzed in the paper by tensile testing. Also, the mechanical behavior of the raw filament was checked. In addition, the differential 
scanning calorimetry (DSC) was conducted on raw filament and extruded filament in order to identify the relation between the 
crystallinity of the polymer after thermal reprocessing with the mechanical properties.  The raw filament is typically a continuous 
and homogenous material with consistent diameter and structure. However, when the filament is extruded trough the nozzle its 
mechanical behavior will significantly change due to thermal reprocessing. Among the factors that influence the properties are: 
extruder temperature, platform temperature, extruding velocity, cooling, flow rate of the extruded filament. All can affect the 
crystallinity of the polymer on one hand and the strength of the adhesion between the consecutive traces on the other hand, as the 
results are quantifying it.  
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1. Introduction 

3D printing technology is an additive manufacturing process by which a digital model is transposed into a physical 
model. Fused Deposition Modeling (FDM) is one of the most used 3D printing technologies, by which a thermoplastic 
filament is melted, extruded and deposited in layers to build the geometry of the printed model [1, 2]. As much as it is 
used due to its multiple advantages such as low cost of the printers and the raw material respectively the good quality 
of the printed products, FDM is a highly accessed research topic. One of the subjects analyzed in many studies is the 
effect of the process parameters on the mechanical behavior of the printed parts. There are many parameters that 
influence the mechanical properties of the 3D printed parts, such as, [3]: extrusion temperature, print speed, infill 
pattern and density, build orientation, raster orientation and width, layer thickness and color, [4]. Due to the large 
numbers of parameters, which require a large volume of experiments, different experimental strategies have been 
developed such as full-factorial design [5], Taguchi method [6], ANOVA [7], path planning strategies [8], automated 
neural network search [9], and fuzzy logic [10]. These strategies lead to identification of the best combinations of 
parameters that improve the mechanical properties of the printed materials, with a reduced volume of experimental 
tests. 

A less studied subject, and which is the objective of this paper, is the mechanical behavior of the adhesion between 
the consecutive traces of the deposited material and also of the air extruded filament. So, the aim of the paper is to 
conduct tensile tests on the following extruded samples: air extruded, one trace deposited on the platform, two 
consecutive traces deposited on the platform and fourteen consecutive traces deposited on the platform and also for 
the raw filament (Figure 1). In addition, in order to establish the relation between the degree of the crystallinity of the 
polymer and the mechanical properties, differential scanning calorimetry tests were conducted.  

 

 

Fig. 1. Block illustration of the study 

 
 

Nomenclature 

Φ1 diameter of the filament  
Φ2  diameter of the air extruded PLA 
d thickness of the deposited trace 
b1 width of the deposited material (one trace) 
b2 width of the deposited material (two traces) 
b3 width of the deposited material (fourteen traces) 
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Abstract 

FDM is one of the most popular additive manufacturing techniques through 3D printing. Within this technique, one of the 
intensively studied subjects is the analysis of the factors that influence the mechanical behavior of the 3D printed parts. However, 
despite numerous studies that show the influence of parameters such as raster orientation, layer height/thickness, build orientation, 
number of layers, there are some other process parameters which are less analyzed. Due to some interactions between the effects 
due to different parameters, it becomes challenging to analyze influences on the mechanical behavior of 3D printed materials. Less 
studied subject is the mechanical behavior of the extruded filament through the nozzle and the interaction between deposited traces. 
The mechanical behavior of the air extruded filament, the one trace, two traces and fourteen traces deposition were experimentally 
analyzed in the paper by tensile testing. Also, the mechanical behavior of the raw filament was checked. In addition, the differential 
scanning calorimetry (DSC) was conducted on raw filament and extruded filament in order to identify the relation between the 
crystallinity of the polymer after thermal reprocessing with the mechanical properties.  The raw filament is typically a continuous 
and homogenous material with consistent diameter and structure. However, when the filament is extruded trough the nozzle its 
mechanical behavior will significantly change due to thermal reprocessing. Among the factors that influence the properties are: 
extruder temperature, platform temperature, extruding velocity, cooling, flow rate of the extruded filament. All can affect the 
crystallinity of the polymer on one hand and the strength of the adhesion between the consecutive traces on the other hand, as the 
results are quantifying it.  
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2. Material and methods 

The investigated material is a yellow color polylactic acid (PLA) filament with a diameter of 1.75 mm. The PLA 
filament is a semi-crystalline and recyclable thermoplastic polyester that is derived from renewable resources such 
corn starch or sugar cane. The filament is biodegradable with high heat capacity and good mechanical strength. 

The analysis carried out in the paper is based on tensile tests on the following types of samples: raw filament; air 
extruded filament, one trace deposited on the platform, two consecutive traces deposited on the platform and fourteen 
consecutive traces deposited on the platform (figure 2). 

The printing was done on a Makerbot Sketch 3D printer, keeping the printing parameters constant: build plate 
temperature + 50°C; extruder temperature + 220 °C; extruder print speed – 35 mm/s. In order for the filament to be 
easily removed from the platform’s surface, the platform was covered with adhesive tape. The deposition consists only 
in 1 layer.  

After printing the samples were subjected to microscopical examination in order to identify defects in adhesion 
between traces, in the purpose of removing those samples from the mechanical testing. In the figure 3 it can be observed 
at 5:1 scale, the image of the raw filament and the sample that consist in fourteen deposited traces.  

 

 

Fig. 2. Air extruded and filament deposition on the platform. 

 

Fig. 3. Microscopic images of (a) raw filament and (b) 14 printing traces, 40X. 

The filaments were tested on a Metrotec universal testing machine (figure 4), with a load rate of 2 mm/min. Two 
load cells of 50 N and 1000 N respectively, same accuracy, were used. The cross-sections of the original and air-
printed filaments are circular, with diameters of Φ1 = 1.75 mm and Φ2 = 0.5 mm, respectively. The cross-sections of 
the deposited traces were microscopically measured and approximated to an elliptical shape for one deposition trace, 
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and rectangular shape for two traces and fourteen traces. The dimensions considered for determining the sections are 
presented in the figure 5. The resulted sections were used in computing the tensile stresses. 

Differential Scanning Calorimetry analysis were performed using DSC 204 F1 Phoenix equipment (Netzsch) on 
two types of samples: raw filament and extruded filament. Curves were recorded under nitrogen to prevent moisture 
and oxidative degradation and under dynamic conditions from room temperature to 300°C with 10 K/min heating rate. 
The samples (around 5 mg) were placed in closed aluminum crucibles (average mass 39±0.2 mg). Data were analyzed 
using Proteus Analysis 6.1.0 software. 

 

       

Fig. 4. Filament test stand and machine. 

 

Fig. 5. Characteristic dimensions of the considered cross sections 

3. Results and discussions  

The analysis of the tensile tests results followed a chain approach. In the figure 6 are presented all stress-strain 
curves according to the sample types. All curve follows the same trend until a maximum stress is recorded, followed 
by a drop in the curve to a stabilization level, where the stress remains constant and the material elongates until 
breaking. 

The behavior of the for raw filament and air extruded filament are similar in terms of tensile strength and elongation 
at break, meaning that the internal structure of the polymer remains similar after thermal reprocessing. The fine details 
in property difference will be further explained by DSC analysis.     

In the case of fourteen traces samples, only the elongation at breaks shows a reduction compared to the air-printed 
filament. This can be put on slower cooling rate to solidification due to the heated platform. The cooling rate is directly 
influencing the crystallinity of the polymer, slow cooling leading to high crystallinity and therefore smaller elongation 
at break. In addition, the adhesion between the filaments helps in maintaining a high tensile strength. 
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A notable drop in properties can be observe for the one trace and two traces samples (figure 6 d and e). This low 
tensile strength and elongation compared to the air-printed and raw filament can be explained as a combined effect of 
faster cooling rate of the samples (due to their sizes) and the deformed shape of the cross section and overall texture.  

Table 1 shows the tensile strength and elongation at break for all specimen types as average and standard deviation. 
The higher standard deviation for one and two deposition traces shows a large variability of the testing data, which is 
an indicator of a low process stability when comes to only one or two printed traces. The very low elongation at break 
in one and two traces compared to the raw filament is the indicator of rapid cooling of this samples.  

In conclusion, the material printed on the build platform has lower mechanical properties compared to the raw 
filament and respectively to air-printed one. 

 

  
a)  b)  

  
c)  d)  

  
e)  f)  

Fig. 6. Stress strain curves for tensile tested (a) raw filament; (b) air extruded; (c) fourteen deposited traces; (d) two deposited traces; (e) one 
deposited trace; (f) representative curves for all samples. 
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     Table 1. Mechanical properties of the samples. 

Sample type Maximum Tensile Strength [MPa] Elongation at break [%] 

Raw filament 41.18 ±1.86 54.71 ± 12.44 

Air extruded 40.06 ± 4.97 51.94 ± 32.80 

Fourteen deposited traces 36.35 ± 1.35 24.88 ± 6.49 

Two deposited traces 33.18 ±10.46 6.05 ± 3.86 

One deposited trace 31.88 ± 10.64 2.72 ± 1.60 

 
The thermal reprocessing of the polymer may lead to different degree of crystallinity. This phenomenon was 

evidenced by the DSC analysis of the raw and extruded filament (figure 7).  The two polymers exhibit similar glass 
transition temperatures and cold crystallization peaks and slightly different melting peaks. The melting area instead 
are significant different, which lead us to the conclusion that the reprocessed polymer has a lower crystallinity and 
therefore a higher amorphous structure. The curves in the figure 7 were shifted in order to be more visible.  

In conclusion, the crystallinity of the raw filament is higher (the area of the melting peek is 12.67 J/g) than the 
extrude PLA (which has a melting area of 8.646 J/g), the last one having an increased percentage of amorphous 
structure. The DSC analysis is sustaining from the structural point of view the mechanical properties determined by 
tensile testing. 

 

 

Fig. 7. DSC curves for raw and extruded PLA filament 

4. Conclusions 

The paper presents an experimental study on the mechanical behavior of the PLA in tensile testing in different 
conditions of obtaining the samples: raw filament; air extruded filament, one trace deposited on the platform, two 
consecutive traces deposited on the platform and fourteen consecutive traces deposited on the platform.  

The material printed on the build platform has lower mechanical properties compared to the raw filament and 
respectively to air-printed one, the best results (41.18 ±1.86 MPa tensile strength and 54.71 ± 12.44 % elongation at 
break) being obtained for raw material (the filament extracted directly from the roll). 

The higher standard deviation for one and two deposition traces indicates a low process stability when it comes to 
only one or two printed traces. The very low elongation at break in this case indicate a rapid cooling of this samples. 
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The crystallinity of the raw filament is higher (12.67 J/g) than the extruded PLA (8.646 J/g), the last one having an 
increased percentage of amorphous zones.  

The DSC analysis are sustaining the mechanical properties determined by tensile testing. 
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Abstract 

Metal powders are used as the feedstock material during the Electron Beam Melting processes. The process involves using an 
electron beam as the energy source to produce intricate parts with complex shapes in a layer-by-layer production system. The 
electron beam is directed by information from an STL file, and the process takes place in a pre-heated chamber that is maintained 
under vacuum. Once the production cycle is complete, the process yields the desired components along with a certain amount of 
residual powders that were not melted. 
To improve process efficiency and reduce costs associated with powder atomization, it is feasible to reuse the excess powder for 
subsequent production cycles. Prior to starting a new cycle, the excess powder is initially sieved to ensure a more uniform powder 
batch, and subsequently, the sieved powder can be mixed with other virgin powder to decrease oxygen content.  
This study examines the microstructure and defects present in a batch of virgin powders produced through plasma atomization and 
a batch of powders that were reused five times and mixed with Ti-6Al-4V grade 23 (ELI powders) at each cycle. The ELI powders 
are characterized by a low oxygen content. 
The results of the analysis indicate a connection between the powder atomization process and the formation of porosities in virgin 
powders resulting from trapped gas, as well as surface irregularities, including the presence of satellites. With an increase in the 
number of reuses, there is a reduction in the number of satellites, potentially due to surface partial melting due to the pre-heating 
of the EBM chamber, leading to rougher surfaces on the recycled particles. 
The microstructure of virgin powders is predominantly characterized by a fine acicular α’ phase, known as martensitic, formed due 
to the rapid cooling rate during the atomization process. Conversely, recycled powder tends to exhibit a coarser grain microstructure 
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due to lower cooling rates. However, it is common to observe particles with a microstructure similar to that of newly manufactured 
powders, indicating that each individual particle has undergone a distinct thermal history. 
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1. Introduction 

The ISO/ASTM52900 standard (ISO/ASTM, 2015) defines Powder Bed Fusion (PBF) as an Additive 
Manufacturing (AM) process in which specific regions of a powder bed are selectively fused by thermal energy. PBF 
techniques are regarded as the most effective approach to achieve high reproducibility and dimensional accuracy, and 
this is why these processes have been extensively studied in both the industrial and academic fields (Mostafaei et al., 
2022). The most well-known processes under this category for producing metallic components are Electron Beam 
Melting (EBM) and Selective Laser Melting (SLM). 

These two technologies are primarily distinguished by their ability to produce highly intricate shapes such as 
medical instruments and customized implants (Ishfaq et al., 2022), complex lattice structures (Bellini et al., 2021), 
aerospace components with high precision (Gardan & Schneider, 2015), and even custom-shaped jewelry (Cooper, 
2016), through the addition of materials layer-by-layer in a single production cycle. EBM processes are primarily 
distinguished from SLM processes by the utilization of an electron beam instead of a laser as the heat source, and by 
taking place in a hermetically sealed chamber under vacuum to prevent the dissipation of the electron beam. 
Conversely, SLM processes occur in a controlled environment (Gordeev & Valentine, 2018). Furthermore, it is worth 
noting that the production chamber in EBM undergoes preheating at a specific temperature depending on the type of 
material used, such as approximately 1000°C for nickel-based alloys (Chandra et al., 2018) and approximately 400°C 
for pure copper (Guschlbauer et al., 2018). The preheating step represents a crucial aspect to take into account in EBM 
processes. The preheating process is crucial as it allows for the initial formation of sintering bridges between particles, 
preventing individual particles from becoming negatively charged and generating repulsive forces that would lead to 
the production chamber being filled with suspended powder, commonly referred to as the "smoke effect" (Milberg & 
Sigl, 2008). 

With the exception of these minor differences, EBM and SLM are quite similar. Both methods start with an initial 
quantity of metallic powder that is selectively melted. At the end of the process, the desired product and some unmelted 
powders are obtained, which represents the production waste. Due to the high production costs associated with 
powders, which can also vary depending on the type of metal used (Hann, 2016), it is possible to reuse this waste 
powder in the subsequent production process (Bellini et al., 2022) (Foti et al., 2022). Currently, there are no established 
guidelines that govern recycling methodology, and thus, powder recycling is primarily based on user experience 
(Powell et al., 2020). Therefore, recycling procedures may vary, although typically the powder is initially sieved and, 
if required, may be combined with additional virgin powder of the same or different types before being introduced 
into the subsequent manufacturing cycle (Filipovic, 2016). 

However, depending on the number of reuse cycles, recycled powders may not exhibit the same properties as virgin 
powders, primarily due to oxygen contamination and preheating, and can lead to worsened mechanical properties of 
components manufactured from these recycled powders. Hence, comprehending the alterations in powder properties 
is crucial to minimize the decline in the performance of the produced components. In fact, several studies have 
investigated the differences between unused and recycled powders, as well as the dissimilarities in the components 
produced from these powders. Typically, recycled powders exhibit inferior quality compared to virgin powders.  

Specifically, according to research conducted by (Tang et al., 2015) and (Emminghaus et al., 2022), recycled 
powders in Ti-6Al-4V alloy generally exhibit elevated oxygen levels in comparison to virgin powders, whereas the 
concentrations of other elements such as V and Al are consistent. The increased oxygen content in recycled powders 
is primarily attributed to repeated circulation of powder in the process zone, leading to higher oxidation levels. 
Additionally, another reason is that when removed from the EBM machine, the powder is exposed to moisture and 
the surrounding atmosphere, which further contributes to oxygen absorption (Shanbhag & Vlasea, 2021). 
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is crucial to minimize the decline in the performance of the produced components. In fact, several studies have 
investigated the differences between unused and recycled powders, as well as the dissimilarities in the components 
produced from these powders. Typically, recycled powders exhibit inferior quality compared to virgin powders.  

Specifically, according to research conducted by (Tang et al., 2015) and (Emminghaus et al., 2022), recycled 
powders in Ti-6Al-4V alloy generally exhibit elevated oxygen levels in comparison to virgin powders, whereas the 
concentrations of other elements such as V and Al are consistent. The increased oxygen content in recycled powders 
is primarily attributed to repeated circulation of powder in the process zone, leading to higher oxidation levels. 
Additionally, another reason is that when removed from the EBM machine, the powder is exposed to moisture and 
the surrounding atmosphere, which further contributes to oxygen absorption (Shanbhag & Vlasea, 2021). 
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Regarding the morphology, studies by (Carrion et al., 2019), (Emminghaus et al., 2021) and (Gatto et al., 2021) all 
suggest that recycled powders exhibit fewer satellites than their as-received counterparts, which is beneficial because 
it can significantly improve particle flowability. Moreover, several studies including (Carrion et al., 2019), (Yusuf et 
al., 2020) and (Nie et al., 2021), have reported that recycled powders demonstrate a narrower particle size distribution 
than unused powders when particle size is examined. Possible reasons for this change include particles sticking 
together during the manufacturing process to form larger clumps (Carrion et al., 2019), particles remaining suspended 
in the chamber and not being reusable (Seyda et al., 2012), and small particles sticking to larger ones, making them 
difficult to count (Sutton et al., 2016), although it should be noted that other research has shown that reused powders 
can sometimes have a broader size range than virgin powders (Gatto et al., 2021). 

No differences were found in the microstructure of Ti-6Al-4V powders between virgin and reused powders, 
consisting mostly of acicular α’ martensite (Emminghaus et al., 2022) (Sun et al., 2018). Components produced from 
new or reused powders showed, as well, no dissimilarities in the microstructure, displaying slender acicular α' within 
the columnar prior-β grains oriented in the same direction as the building process (Carrion et al., 2019) (Strondl et al., 
2015). In addition, recycled powders generally have a coarser microstructure compared to virgin ones due to slower 
cooling rates during manufacturing cycles (Opatová et al., 2020). However, the microstructure is also highly 
dependent on process parameters such as laser power and scanning speed (Emminghaus et al., 2021). 
 

 

2. Experimental 

In this study, plasma-atomized Ti-6Al-4V powders grade 5 and grade 23, both provided by Advanced Powders and 
Coatings, Inc. (AP&C), were utilized; more specifically, a batch of virgin powder grade 5 and another batch of powder 
that had been recycled 5 times. AP&C utilized their proprietary Advanced Plasma Atomization process (APATM) 
which is distinguished for its capability to generate highly spherical powders with accurate size distributions, minimal 
oxygen content, and low internal porosity (Capus, 2017).  

The batch of recycled powder began with grade 5 powder during the first production cycle, and then, in each of the 
following cycles, grade 23 powder was added. Since it is not possible to attribute the recycled powder to specific 
regions within the building chamber, the percentage of powder reused can be regarded as a mixture of particles 
originating from both the pre-sintered and surrounding regions. 
Table 1 below presents preliminary information regarding the chemical composition of both powders. 

Table 1. Chemical composition of the Ti-6Al-4V powder particles 
 % Al % V % C % N Fe % % O % Ti 

Virgin 6.50 4.03 0.01 0.02 0.205 0.11 Remaining 

Recycled 5 
times 

6.48 4.02 0.01 0.02 0.196 0.19 Remaining 

ASTM F2924 (Ghods et al., 2020) specifies that the permissible limit for oxygen content in aerospace applications 
is 0.2%. It is noteworthy that the use of grade 23 Ti-6Al-4V powders enables the oxygen content to remain below this 
limit. 

To investigate the morphology in virgin powders and after recycling, which include changes in shape, surface 
roughness, and imperfections, the FEI Quanta 650 Scanning Electron Microscope (SEM) was employed. 

In order to analyze the porosity and voids within the particles, the powder particles were embedded into phenol-
formaldehyde resin, creating cylindrical molds with a diameter of 30 mm that made the powder easier to handle. To 
polish the resin/powder samples, porous woven wool felt and 1 µm and 0.3 µm Alumina solutions were used 
exclusively, while grinding procedures were avoided due to their aggressive nature, which can increase the number of 
particles escaping from the resin during the process. The polished samples were then examined for any internal 
porosities using a Nikon Epithot inverted Metallurgical Microscope.  
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due to lower cooling rates. However, it is common to observe particles with a microstructure similar to that of newly manufactured 
powders, indicating that each individual particle has undergone a distinct thermal history. 
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1. Introduction 

The ISO/ASTM52900 standard (ISO/ASTM, 2015) defines Powder Bed Fusion (PBF) as an Additive 
Manufacturing (AM) process in which specific regions of a powder bed are selectively fused by thermal energy. PBF 
techniques are regarded as the most effective approach to achieve high reproducibility and dimensional accuracy, and 
this is why these processes have been extensively studied in both the industrial and academic fields (Mostafaei et al., 
2022). The most well-known processes under this category for producing metallic components are Electron Beam 
Melting (EBM) and Selective Laser Melting (SLM). 

These two technologies are primarily distinguished by their ability to produce highly intricate shapes such as 
medical instruments and customized implants (Ishfaq et al., 2022), complex lattice structures (Bellini et al., 2021), 
aerospace components with high precision (Gardan & Schneider, 2015), and even custom-shaped jewelry (Cooper, 
2016), through the addition of materials layer-by-layer in a single production cycle. EBM processes are primarily 
distinguished from SLM processes by the utilization of an electron beam instead of a laser as the heat source, and by 
taking place in a hermetically sealed chamber under vacuum to prevent the dissipation of the electron beam. 
Conversely, SLM processes occur in a controlled environment (Gordeev & Valentine, 2018). Furthermore, it is worth 
noting that the production chamber in EBM undergoes preheating at a specific temperature depending on the type of 
material used, such as approximately 1000°C for nickel-based alloys (Chandra et al., 2018) and approximately 400°C 
for pure copper (Guschlbauer et al., 2018). The preheating step represents a crucial aspect to take into account in EBM 
processes. The preheating process is crucial as it allows for the initial formation of sintering bridges between particles, 
preventing individual particles from becoming negatively charged and generating repulsive forces that would lead to 
the production chamber being filled with suspended powder, commonly referred to as the "smoke effect" (Milberg & 
Sigl, 2008). 

With the exception of these minor differences, EBM and SLM are quite similar. Both methods start with an initial 
quantity of metallic powder that is selectively melted. At the end of the process, the desired product and some unmelted 
powders are obtained, which represents the production waste. Due to the high production costs associated with 
powders, which can also vary depending on the type of metal used (Hann, 2016), it is possible to reuse this waste 
powder in the subsequent production process (Bellini et al., 2022) (Foti et al., 2022). Currently, there are no established 
guidelines that govern recycling methodology, and thus, powder recycling is primarily based on user experience 
(Powell et al., 2020). Therefore, recycling procedures may vary, although typically the powder is initially sieved and, 
if required, may be combined with additional virgin powder of the same or different types before being introduced 
into the subsequent manufacturing cycle (Filipovic, 2016). 

However, depending on the number of reuse cycles, recycled powders may not exhibit the same properties as virgin 
powders, primarily due to oxygen contamination and preheating, and can lead to worsened mechanical properties of 
components manufactured from these recycled powders. Hence, comprehending the alterations in powder properties 
is crucial to minimize the decline in the performance of the produced components. In fact, several studies have 
investigated the differences between unused and recycled powders, as well as the dissimilarities in the components 
produced from these powders. Typically, recycled powders exhibit inferior quality compared to virgin powders.  

Specifically, according to research conducted by (Tang et al., 2015) and (Emminghaus et al., 2022), recycled 
powders in Ti-6Al-4V alloy generally exhibit elevated oxygen levels in comparison to virgin powders, whereas the 
concentrations of other elements such as V and Al are consistent. The increased oxygen content in recycled powders 
is primarily attributed to repeated circulation of powder in the process zone, leading to higher oxidation levels. 
Additionally, another reason is that when removed from the EBM machine, the powder is exposed to moisture and 
the surrounding atmosphere, which further contributes to oxygen absorption (Shanbhag & Vlasea, 2021). 
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Regarding the morphology, studies by (Carrion et al., 2019), (Emminghaus et al., 2021) and (Gatto et al., 2021) all 
suggest that recycled powders exhibit fewer satellites than their as-received counterparts, which is beneficial because 
it can significantly improve particle flowability. Moreover, several studies including (Carrion et al., 2019), (Yusuf et 
al., 2020) and (Nie et al., 2021), have reported that recycled powders demonstrate a narrower particle size distribution 
than unused powders when particle size is examined. Possible reasons for this change include particles sticking 
together during the manufacturing process to form larger clumps (Carrion et al., 2019), particles remaining suspended 
in the chamber and not being reusable (Seyda et al., 2012), and small particles sticking to larger ones, making them 
difficult to count (Sutton et al., 2016), although it should be noted that other research has shown that reused powders 
can sometimes have a broader size range than virgin powders (Gatto et al., 2021). 

No differences were found in the microstructure of Ti-6Al-4V powders between virgin and reused powders, 
consisting mostly of acicular α’ martensite (Emminghaus et al., 2022) (Sun et al., 2018). Components produced from 
new or reused powders showed, as well, no dissimilarities in the microstructure, displaying slender acicular α' within 
the columnar prior-β grains oriented in the same direction as the building process (Carrion et al., 2019) (Strondl et al., 
2015). In addition, recycled powders generally have a coarser microstructure compared to virgin ones due to slower 
cooling rates during manufacturing cycles (Opatová et al., 2020). However, the microstructure is also highly 
dependent on process parameters such as laser power and scanning speed (Emminghaus et al., 2021). 
 

 

2. Experimental 

In this study, plasma-atomized Ti-6Al-4V powders grade 5 and grade 23, both provided by Advanced Powders and 
Coatings, Inc. (AP&C), were utilized; more specifically, a batch of virgin powder grade 5 and another batch of powder 
that had been recycled 5 times. AP&C utilized their proprietary Advanced Plasma Atomization process (APATM) 
which is distinguished for its capability to generate highly spherical powders with accurate size distributions, minimal 
oxygen content, and low internal porosity (Capus, 2017).  

The batch of recycled powder began with grade 5 powder during the first production cycle, and then, in each of the 
following cycles, grade 23 powder was added. Since it is not possible to attribute the recycled powder to specific 
regions within the building chamber, the percentage of powder reused can be regarded as a mixture of particles 
originating from both the pre-sintered and surrounding regions. 
Table 1 below presents preliminary information regarding the chemical composition of both powders. 

Table 1. Chemical composition of the Ti-6Al-4V powder particles 
 % Al % V % C % N Fe % % O % Ti 

Virgin 6.50 4.03 0.01 0.02 0.205 0.11 Remaining 

Recycled 5 
times 

6.48 4.02 0.01 0.02 0.196 0.19 Remaining 

ASTM F2924 (Ghods et al., 2020) specifies that the permissible limit for oxygen content in aerospace applications 
is 0.2%. It is noteworthy that the use of grade 23 Ti-6Al-4V powders enables the oxygen content to remain below this 
limit. 

To investigate the morphology in virgin powders and after recycling, which include changes in shape, surface 
roughness, and imperfections, the FEI Quanta 650 Scanning Electron Microscope (SEM) was employed. 

In order to analyze the porosity and voids within the particles, the powder particles were embedded into phenol-
formaldehyde resin, creating cylindrical molds with a diameter of 30 mm that made the powder easier to handle. To 
polish the resin/powder samples, porous woven wool felt and 1 µm and 0.3 µm Alumina solutions were used 
exclusively, while grinding procedures were avoided due to their aggressive nature, which can increase the number of 
particles escaping from the resin during the process. The polished samples were then examined for any internal 
porosities using a Nikon Epithot inverted Metallurgical Microscope.  
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Starting from the optical microscope images of the powder cross-section, the ImageJ software was utilized to 
provide the trend of change in internal porosity. However, it should be noted that these values understimate the actual 
values as it is not known whether the diameter being considered is actually the maximum. 

Finally, the analyzed particles were used to observe their microstructure and possible changes in the present phases. 
This was done by performing a chemical etching using a 0.1 Molar hydrofluoric acid (HF) solution, followed by 
rinsing under running water, and then observing them using the same optical microscope. 

 

3. Results and Discussions 

Based on the SEM images displayed in Fig. 1, it was observed that both types of powders were mainly spherical 
in shape. However, a closer inspection revealed some notable differences between the two batches. Specifically, the 
virgin powder exhibited significantly higher concentration of fine particles, also known as satellites, compared to the 
recycled batch, where most of them were absent. The reason for the disappearance of the small particles was the pre-
heating process that occurred inside the EBM chamber, during which the tiny particles fused onto the surface of the 
larger particles. The removal of satellites was found to enhance the flowability of the material (Seyda et al., 2012). 

Furthermore, while the surface of the virgin powder appeared to be smooth and largely devoid of imperfections, 
the recycled powder exhibited some indications of degradation. For instance, a few broken particles were observed in 
the recycled powder, possibly due to the sieving procedures employed during the recycling process. In addition, the 
surface of the recycled powder appeared to be slightly rougher than that of the virgin powder, which could be attributed 
to the presence of the melted satellites. 

 
Fig. 1. SEM observation of virgin (a) and recycled (b) Ti-6Al-4V powder particles. 

 
As shown in Fig. 2, both types of powders exhibited internal defects in the form of pores caused by entrapped 

gases during the atomization process, which is a phenomenon also reported by other authors (Chen et al., 2018). 
Porosities in powders typically have a spherical morphology, which is a result of the high pressure inside the liquid 
droplets that acts on the gas bubbles. It should be noted that these pores can potentially affect the performance of the 
final parts, particularly in terms of their mechanical properties. Therefore, it is important to carefully examine and 
control the porosity levels of powder materials during the manufacturing process. 

From these images, it is almost impossible to express opinions regarding the particle size, as they are embedded in 
resin, and the maximum observable diameter is unknown. The same applies to the pores, as they as well are spherical. 

However, a qualitative analysis can be performed using the commercial software ImageJ with the purpose of 
showing the trend of how internal porosity varies as the number of reuses changes. With the use of this software, it 
was possible to observe that the virgin powder holds a defect percentage of 3.72%, while the recycled powder presents 
a defect percentage of 2.76%. It can be observed that internal defects in the recycled powder have decreased, and this 
is also consistent with findings from other authors (Bellini et al., 2022). 
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Fig. 2. Optical images of (a) virgin powders low magnification; (a’) virgin powders high magnification; (b) recycled powders low magnification; 

(b’) recycled powders high magnification. 

 
Fig. 3. Optical micrographs showing the microstructure of virgin (a) and recycled (b) powders. 

The etching process revealed that the microstructure of virgin powders was predominantly characterized by a fine 
and martensitic structure. This microstructure was primarily comprised of the α' phase, which was distinguished by 
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Fig. 1. SEM observation of virgin (a) and recycled (b) Ti-6Al-4V powder particles. 

 
As shown in Fig. 2, both types of powders exhibited internal defects in the form of pores caused by entrapped 

gases during the atomization process, which is a phenomenon also reported by other authors (Chen et al., 2018). 
Porosities in powders typically have a spherical morphology, which is a result of the high pressure inside the liquid 
droplets that acts on the gas bubbles. It should be noted that these pores can potentially affect the performance of the 
final parts, particularly in terms of their mechanical properties. Therefore, it is important to carefully examine and 
control the porosity levels of powder materials during the manufacturing process. 

From these images, it is almost impossible to express opinions regarding the particle size, as they are embedded in 
resin, and the maximum observable diameter is unknown. The same applies to the pores, as they as well are spherical. 

However, a qualitative analysis can be performed using the commercial software ImageJ with the purpose of 
showing the trend of how internal porosity varies as the number of reuses changes. With the use of this software, it 
was possible to observe that the virgin powder holds a defect percentage of 3.72%, while the recycled powder presents 
a defect percentage of 2.76%. It can be observed that internal defects in the recycled powder have decreased, and this 
is also consistent with findings from other authors (Bellini et al., 2022). 

 Author name / Structural Integrity Procedia 00 (2019) 000–000  5 

 
Fig. 2. Optical images of (a) virgin powders low magnification; (a’) virgin powders high magnification; (b) recycled powders low magnification; 

(b’) recycled powders high magnification. 

 
Fig. 3. Optical micrographs showing the microstructure of virgin (a) and recycled (b) powders. 

The etching process revealed that the microstructure of virgin powders was predominantly characterized by a fine 
and martensitic structure. This microstructure was primarily comprised of the α' phase, which was distinguished by 
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finely dispersed acicular grains of the α phase. It was also noted that this unique microstructure was a direct 
consequence of the rapid cooling of the β phase that occurred during the atomization process. 

Upon examining the powder that had undergone recycling for five cycles, it was found that the microstructure of 
most particles closely resembled that of the virgin powder exhibiting a martensitic structure. However, a few particles 
displayed coarser grains in comparison to the original microstructure due to the slower cooling rate during the 
production cycle. 

Furthermore, the recycled powders were found to exhibit the so-called alpha-case phenomenon, which refers to an 
oxygen-rich layer formed around the particles at high temperatures due to the diffusion of oxygen into the metal, 
resulting in the creation of a hard interstitial layer. This layer is harder than the particle core, and thus more brittle, 
often becoming the site of micro-cracks that can degrade the corrosion and fatigue resistance of the metal. 

Importantly, this oxygen-rich layer was exclusively observed in the recycled powders and not in the virgin ones. 

4. Conclusions 

This study aimed to investigate the impact of the recycling process on powder morphology, internal defects, and 
powder microstructure, analyzing two batches of Ti-6Al-4V powder particles. One batch consisted of virgin powders 
produced by plasma atomization, while the other batch consisted of powders recycled five times after the Electron 
Beam Melting process, with ELI powders (Ti-6Al-4V grade 23) added at each cycle. 

The results of the investigation revealed the following: 
- The virgin powders were found to have a considerable number of satellites, which are known to reduce 

the flowability of the particles. On the other hand, the powders that had undergone five cycles of recycling 
showed a reduced number of satellites, possibly due to pre-heating inside the Electron Beam Melting 
chamber, resulting in improved flowability. Nonetheless, it is important to note that the recycling process 
did cause some particle damage such as broken particles and increased roughness surface. 

- The virgin powders were found to have a high number of internal micro porosities, specifically 3.72%, 
which was attributed to the entrapment of gas during the atomization process. Such porosities are known 
to be detrimental to the properties of components manufactured from these powders. On the other hand, 
the powders that had undergone five cycles of recycling showed a lower number of internal voids, equal 
to 2.76%. This could be due to pre-heating inside the EBM chamber. 

- The microstructure analysis revealed that the virgin powders had a martensitic microstructure, which was 
a result of the fast cooling rate during the plasma atomization process. On the other hand, the 5-times 
recycled powders exhibited a mixed microstructure, where some particles had a similar microstructure to 
the virgin ones, while others had a coarser microstructure. Furthermore, an oxygen-rich layer, commonly 
known as Alpha case, was observed in the recycled powders. 
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finely dispersed acicular grains of the α phase. It was also noted that this unique microstructure was a direct 
consequence of the rapid cooling of the β phase that occurred during the atomization process. 

Upon examining the powder that had undergone recycling for five cycles, it was found that the microstructure of 
most particles closely resembled that of the virgin powder exhibiting a martensitic structure. However, a few particles 
displayed coarser grains in comparison to the original microstructure due to the slower cooling rate during the 
production cycle. 

Furthermore, the recycled powders were found to exhibit the so-called alpha-case phenomenon, which refers to an 
oxygen-rich layer formed around the particles at high temperatures due to the diffusion of oxygen into the metal, 
resulting in the creation of a hard interstitial layer. This layer is harder than the particle core, and thus more brittle, 
often becoming the site of micro-cracks that can degrade the corrosion and fatigue resistance of the metal. 

Importantly, this oxygen-rich layer was exclusively observed in the recycled powders and not in the virgin ones. 

4. Conclusions 

This study aimed to investigate the impact of the recycling process on powder morphology, internal defects, and 
powder microstructure, analyzing two batches of Ti-6Al-4V powder particles. One batch consisted of virgin powders 
produced by plasma atomization, while the other batch consisted of powders recycled five times after the Electron 
Beam Melting process, with ELI powders (Ti-6Al-4V grade 23) added at each cycle. 

The results of the investigation revealed the following: 
- The virgin powders were found to have a considerable number of satellites, which are known to reduce 

the flowability of the particles. On the other hand, the powders that had undergone five cycles of recycling 
showed a reduced number of satellites, possibly due to pre-heating inside the Electron Beam Melting 
chamber, resulting in improved flowability. Nonetheless, it is important to note that the recycling process 
did cause some particle damage such as broken particles and increased roughness surface. 

- The virgin powders were found to have a high number of internal micro porosities, specifically 3.72%, 
which was attributed to the entrapment of gas during the atomization process. Such porosities are known 
to be detrimental to the properties of components manufactured from these powders. On the other hand, 
the powders that had undergone five cycles of recycling showed a lower number of internal voids, equal 
to 2.76%. This could be due to pre-heating inside the EBM chamber. 

- The microstructure analysis revealed that the virgin powders had a martensitic microstructure, which was 
a result of the fast cooling rate during the plasma atomization process. On the other hand, the 5-times 
recycled powders exhibited a mixed microstructure, where some particles had a similar microstructure to 
the virgin ones, while others had a coarser microstructure. Furthermore, an oxygen-rich layer, commonly 
known as Alpha case, was observed in the recycled powders. 
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Abstract 

The present work was conducted to determine the effect of welding as-printed selective laser melting samples and fabricated 
samples welded with stress-relieved conditions. The research aimed to study the influence of heat treatment on welding 
parameters and weldability. Additive manufacturing by selective laser melting can achieve near-net shape and complex structure. 
It has been widely used in manufacturing aerospace components, in the automobile sector and other fields. Ti6Al4V is the most 
commonly used and researched alloy in additive-manufactured alloys. The microstructure of Ti-6Al-4V is diverse and consists of 
acicular martensite α’ phase with prior β grains. The results showed the formation of α-phase around the β grains in the heat-
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The primary α-phase develops and forms along the grain boundaries and was more prominent in the stress-relieved specimens. 
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is best realized when applied to metals which are difficult to process through other techniques [3]. Any complex-
shaped metallic components can be produced by the LPBF process on the LPBF equipment through 3D CAD data. It 
provides a better alternative manufacturing route than traditional manufacturing techniques in aspects like high 
flexibility, high material use efficiency and near-net-shape geometries [4]. LPBF has been widely used in medical, 
military, aerospace, and automobile manufacturing. LPBF represents the advantageous process. However, some 
problems with large thermal gradients exist due to considerable heat input and short interaction. The influence of 
various parameters is still a matter of interest for research for its biological and biomechanical compatibility. 

Titanium alloys comprising high fracture toughness, high strength-to-weight ratio and superior mechanical 
properties have been widely used in the biomedical and aerospace industries [5]. Ti6Al4V using conventional 
processing methods limits its extensive application due to poor machinability and high cost. Moreover, high energy 
consumption and material wastage occur during the production of titanium alloys through conventional methods. 
Consequently, researchers have been studying the non-conventional processing of titanium alloys through AM route. 
AM process through LPBF techniques offers more excellent benefits when compared to the conventional process. 
Thijs et al. studied the microstructural evolution of Ti6Al4V during the LPBF process. Due to the higher 
temperature gradient during the LPBF process epitaxial growth, elongated grains emerge and acicular martensitic 
phase formed in Ti6Al4V alloy [6]. Losertová et. al. [7] focused on the properties of porous Ti6Al4V specimens 
processed by selective laser melting. The material was tested in tension and compression with and without heat 
treatment. The as-built stage consisted of prior-β grains filled with acicular α΄martensite and displayed high yield 
strength but limited ductility. In similar work by Naeem Eshawish et al. [8], the microstructure, even after stress 
relieving (SR) at 704ºC for two h, shows fine α’ martensitic phase.  

Most research and development on Ti-6Al-4V fabricated by LPBF has focused on the microstructure of the as-
built samples and the adjustment of the process parameters to increase the quality of products [9-10]. This research 
studies the influence of heat treatments i.e. SR, on the microstructure and hardness on electron beam (EB) welded 
joint of Ti6Al4V alloy processed by selective laser melting (LPBF). It is reported that the acicular martensite α’ 
phase is formed during the LPBF process which changes to a lamellar mixture of α+β after heat treatment below the 
critical temperature (T0 at approximately 893ºC) [11]. In the present study, the welding process was optimized and 
welds were analyzed to study the microstructure and its effects on the mechanical properties. 

 
Nomenclature 

T0 critical temperature  
α’ martensitic phase 
α  hcp phase 
β  bcc phase 

1. 2. Material and methods 

The welding was carried out on two state-of-condition samples, i.e. (i) as-printed (AP) Ti6Al4V parts were 
welded (AP+AP), and (ii) stress relieving (SR) Ti6Al4V LPBF parts were welded with as-printed LPBF processed 
parts (SR+AP). The LPBF process parameters included a laser power range of 170 to 200W, a scanning speed of 500 
to 1250mm/s, a controlled layer thickness of 0.03 mm, a hatch distance of 0.1mm, a laser beam diameter of 0.1mm, 
a beam offset of 0.015mm, a stripe width of 5mm and a 67° rotation scanning strategy. The thickness of the as-
printed sample is 10x30x5 mm3. The stress relieving heat treatment was performed by heating to 650ºC and holding 
for three h, followed by furnace cooling in an inert atmosphere by maintaining Argon gas supply. The preliminary 
edge preparations and cleaning with acetone were performed before welding. The welding was performed using a 6 
kW, 60-kV electron beam welding (EBW) setup. A circular beam oscillation at 200 Hz having a diameter of 100 μm 
was used and surface focus condition was maintained during welding. The welding speed of 1500 mm/min with a 
beam current of 20 mA was employed. The power density was in the range of 1.525 × 105 W/mm². The weld 
samples shown in Fig.1 were analyzed and compared regarding weld microstructures, bead profile, microhardness 
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and macro examination. The microstructure characterization of welded samples was carried out using an OM Leica 
DMI3000 at different locations on the specimens. 

 

 

 
Fig.1 Welded samples of Ti6Al4V alloy 

3. Results and Discussion 

3.1 Microstructure of welded joint in as-printed condition 

The microstructure characterization was carried out at different locations on the welded specimen. Figure 2 
describes the microstructure of the welded specimen of LPBF fabricated specimen with LPBF fabricated specimen. 
The LPBF samples were characterized by the microstructure forming the acicular α’ martensitic phase [8]. The 
reason for developing the acicular α’ martensitic phase is that the temperature of the Ti6Al4V alloy is exceptionally 
high under the laser action. This most likely forms the diffusionless α’ phase due to the subsequent rapid cooling 
process. The cooling rate within LPBF processing exceeds a crucial cooling rate of 410 K/s, which is suggested as a 
martensite α’ formation rate [12]. Consequently, acicular α’ martensite forms rather than equilibrium α and β phases 
in Ti-6Al-4V manufactured by LPBF (Fig. 2a). It is observed from the microstructure that the grains were 
surrounded by the bright α phase. In the HAZ region shown in Fig. 2b, it is observed that the presence of α phase 
around the grains increased and there was a clear distinction between the base and weld zone. In the weld zone, 
columnar grains are observed growing towards the centre of the weld, as evident from Fig. 2c. Zhan-Yong Zhao et. 
al.[7] had reported the interior of the equiaxed grains mainly consisted of acicular martensite α΄ phase and the β 
phase was not detected by XRD in the TC4 alloy fabricated by LPBF. Bey et al.[8] also identified the absence of β 
phase in as-built TC4 alloys. The microstructure in as-built condition usually has low ductility and high strength [13-
14]. Thus, significant effort has been exerted to comprehend the process parameters on microstructures and 
mechanical properties in optimising the as-built conditions. 

   
a) Base b) HAZ c) Weld 

Fig. 2  The optical microstructure of welded joint in as-printed condition 
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3.2 Influence of heat treatment temperature on microstructure morphology  

Improvement in the ductility with strength reduction in LPBF-fabricated Ti6Al4V can be achieved by successive 
heat treatments involving the transformation of the non-equilibrium phase (acicular α’ martensite) into near 
equilibrium phase (lamellar α+β phases) [15]. Most of the research focused on the microstructure of the as-built 
samples and adjustment of the process parameters to increase the quality of as-built products by LPBF technique 
[16]. Ali et. al. [17] utilised a greater bed preheating temperature of 570°C to eliminate the in-built residual stresses 
and improve ductility.  Meanwhile, others have optimized the mechanical properties by applying only one heat 
treatment stage at different temperatures on the as-built samples [18]. In the present study, the stress relieving was 
carried out at a temperature of 650°C and holding for three h to optimize the microstructure and mechanical 
properties. The stress-relieving heat treatment was carried out in an inert atmosphere by purging Argon gas to avoid 
oxidation. 

The optical microstructure of welded joint in fabricated and stress relaxed (SR) condition is shown in Fig.3. The 
microstructure reveals that α phase surrounding the grains are comparatively more in the sample of SR condition 
than in the as-fabricated condition. The weld region also shows large columnar grains compared to the sample where 
both built samples are welded.  

The sample's SR condition microstructure reveals a comparatively brighter α phase surrounding the prior β grains. 
The length and width of the prior β grains increase in the SR condition compared to the built-in condition. It is now 
approximately 1.1-1.8 µm wide and roughly 0.9-1.2 µm for the SR one. The acicular martensite α΄ phase formed in 
Ti-6Al-4V alloy developed by LPBF is because of the alloy's high transient temperature under the laser's action 
during the process. Initially, β phase formation is preferred, which then transforms to α΄ phase by non-diffusion 
shear process during the subsequent rapid cooling.  

  
a) Base in as-printed side b) HAZ on as-printed side 

  
c) Base in as-printed SR side d) HAZ on as-printed SR side 

Fig. 3 The optical microstructure of welded joint in as-printed condition and SR condition 
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3.3 Microhardness 

The size of the prior β grains of the Ti6Al4V gradually grows with the stress-relieving heat treatment process.  
The hardness profile across the welded samples in the as-built condition and the stress-relieving state is shown in 
Fig. 4. From the hardness profile, the hardness of the as-built sample is higher than that of the stress-relieved 
samples. Hence, the SR treatment helped relieve the residual stresses in the material due to the LPBF process.  

 
Fig. 4  Microhardness profile of the as-printed condition and SR condition 

4. Conclusions 

1. The as-built sample produced by the LPBF reveals long columnar grain in the weld regions, which grow by 
cladding multiple layers and are oriented in the buildup direction.  

2. In the SR heat treatment, the microstructure reveals a bright α phase along the grain boundaries. 
3. The hardness was found to decrease with SR heat treatment. The hardness in the AP+SR welded samples was 

lower when compared to the AP+AP welded samples. 
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Abstract 

Polylactic Acid (PLA) is a widely used material in Fused Deposition Modeling (FDM) technology. Additive Manufacturing 
(AM) parameters are known to have an influence on the mechanical properties of final components. In FDM, the layer thickness 
is an influencing parameter providing overall better mechanical properties with lower layer thickness values. In that case, the air 
gaps created between layers and raster lines have a lower share in total volume. However, layer over-compression might be an 
issue when choosing the lowest layer thickness options. This research paper investigates the impact properties of PLA material 
with variations in layer thickness namely, 0.1, 0.2, and 0.3 mm are considered here. Charpy tests were used for the impact 
property assessment, and all specimens were prepared with 100% infill percentage and honeycomb infill structure. Worth 
mentioning is that specimens have AMed notches. The impact tests were carried out on 7 specimens per batch (a total of 21 
specimens). Therefore, obtained impact results from an instrumented pendulum were observed between groups to have an insight 
into the beneficial influence of lower layer thickness on impact properties and lower result scatter that finer layer resolution 
should produce. 
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Polylactic Acid (PLA) is a widely used material in Fused Deposition Modeling (FDM) technology. Additive Manufacturing 
(AM) parameters are known to have an influence on the mechanical properties of final components. In FDM, the layer thickness 
is an influencing parameter providing overall better mechanical properties with lower layer thickness values. In that case, the air 
gaps created between layers and raster lines have a lower share in total volume. However, layer over-compression might be an 
issue when choosing the lowest layer thickness options. This research paper investigates the impact properties of PLA material 
with variations in layer thickness namely, 0.1, 0.2, and 0.3 mm are considered here. Charpy tests were used for the impact 
property assessment, and all specimens were prepared with 100% infill percentage and honeycomb infill structure. Worth 
mentioning is that specimens have AMed notches. The impact tests were carried out on 7 specimens per batch (a total of 21 
specimens). Therefore, obtained impact results from an instrumented pendulum were observed between groups to have an insight 
into the beneficial influence of lower layer thickness on impact properties and lower result scatter that finer layer resolution 
should produce. 
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1. Introduction 

At first, AM technology was used for rapid prototyping purposes, because of its faster and cheaper production 
compared to conventional (subtractive) methods. Over time, with the increase in available production methods and 
materials, the utilization of this technology in the production of functional components was also taken into 
consideration. Now, the importance of particular AM technology is not measured only by fabrication time, 
production energy consumed, and quantity of material used, but also by the potential of a particular AM technology 
to deliver components for functional applications. 

For this estimation material’s mechanical properties have to be obtained using standardized tests, and the most 
probable first choices are tensile, compressive, and flexural tests. Most used are the tensile tests, providing valuable 
information about the material, utilized in research works by Popović et al. (2023), Pandžić et al. (2019a), Pandžić et 
al. (2019b), Milovanović et al. (2022a). A comprehensive mechanical property assessment using all three test 
methods for AMed materials dedicated to dental aligners is shown in Milovanović et al. (2021). Also valuable are 
the tests from fracture mechanics aspects, as in Milovanović et al. (2022b), and Milovanović et al. (2022c). 

For a better insight into the material’s behaviour impact properties are also preferable. Standardized impact tests 
include Charpy and IZOD tests. These two methods differ in specimen geometry and placement on the impact 
machine, but they both evaluate the same material property, as stated by Popa et al. (2022) and Ailinei et al. (2022). 

In FDM, the printing parameters and materials used dictate the mechanical properties of finished components. 
The proof of the significant influence of the raster angle on impact strength was investigated by Rajpurohit et al. 
(2020), and Patterson et al. (2021) also investigated build orientation with raster angle on seven different materials. 
As stated by Patterson et al. (2021), brittle materials (e.g., PLA) have more consistent impact properties. Build 
orientation influence on impact strength was also a subject in Stoia et al. (2022) research in the case of Polyamide 
material, used in SLS technology. Popa et al. (2022) investigated the dependence of specimen thickness on IZOD 
impact strength, for PLA and PETG materials. Here, PLA material has higher impact force values than PETG but 
has lower overall deflection. A particularly interesting research finding is that higher specimen thicknesses produce a 
higher value scatter of results. Our research matches the lowest specimen thickness used in the Popa et al. (2022) 
paper, namely 4 mm. 

Except for impact testing of individual materials current research papers cover the properties of composite FDM 
materials, either as fiber-reinforced or created by stacking layers of different materials. For example, a dual-extruder 
FDM machine allows for the creation of one layer from one material, and then the other material comes in the next 
layer. Ahmed et al. (2021) investigated the properties of composites that contain fiber-reinforced PLA in one layer 
and ABS material in the other. The conclusion here shows that more ABS layers create higher impact strength, and 
all PLA layers here have brittle fracture surfaces. Ferdinand et al. (2023) used PLA with added synthetic polymer 
fibers, such as PET and PVA, showing that PVA is a more efficient impact modifier among selected reinforcements. 
Research shows that fiber characteristics and its adhesion with the matrix material are the main factors for the 
composite material's impact properties. PLA is a bio-based material, and Tian et al. (2022) focused their research on 
incorporating nano-fibrillated cellulose into PLA resulting in a 2.3 times higher impact strength of such material. 

The subject of this research paper is the influence of layer thickness on the impact properties of PLA material, 
i.e., impact force-deflection, impact energy-deflection response, maximum impact force value, deflection at the point 
of break, impact energy, and impact strength values. 

 
Nomenclature 

AM Additive Manufacturing 
FDM Fused Deposition Modeling 
PLA  Polylactic Acid 
SLS Selective Laser Sintering 
PETG Polyethylene Terephthalate Glycol 
ABS Acrylonitrile Butadiene Styrene 
PET Polyethylene Terephthalate 
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PVA Polyvinyl alcohol 

2. Materials and Methods 

The research covers three different layer thickness values namely, 0.1 mm, 0.2 mm, and 0.3 mm. Specimens were 
prepared according to ISO 179 standard, with chosen type A notch (see Fig. 1, Left). Specimens’ notches were 
AMed, not machined- as suggested by Valean et al. (2020). All specimens have two outlines and a honeycomb infill 
structure (see Fig. 1, Right). The honeycomb structure has proven to be the best choice regarding mechanical 
properties among all available infill patterns in the utilized Simplify3D slicer software (Simplify3D, Cincinnati, OH, 
USA), as stated by Milovanović et al. (2022d). The infill percentage is set to full (100%).  

The tests are conducted on the instrumented pendulum, Instron CEAST 9050 machine (see Fig. 2) with hammer 
properties listed in Table 1. The sampling rate was set to 1000 Hz, adequate for the interpretation of results. The 
specimens were tested in an edgewise direction, with a 60 mm span between the anvils. The standard defines five 
specimens for sufficient repeatability, but just in case two additional specimens were prepared- giving a total of 
seven specimens per batch. 

 

 

Fig. 1. (Left) Charpy specimen dimensions (in mm); (Right) Layer structure. 

  

Fig. 2. Instron CEAST 9050 Charpy instrumented pendulum. 

     Table 1. Charpy hammer properties. 

Parameters Values 

Potential energy 5 J 

Impact speed 2.9 m/s 
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Starting angle 

Weight 

Length 

150° 

1.186 kg 

229.7 mm 

3. Results and Discussion 

The impact force and impact energy dependence from deflection are shown for all three chosen layer thicknesses 
in Fig. 3. Each chart contains seven curves, for all individual specimens. 
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Fig. 3. (Top-Left) Force-deflection for 0.3 mm; (Top-Right) Energy-deflection for 0.3 mm; (Middle-Left) Force-deflection for 0.2 mm; (Middle-
Right) Energy-deflection for 0.2 mm; (Bottom-Left) Force-deflection for 0.1 mm; (Bottom-Right) Energy-deflection for 0.1 mm. 

The repeatability of impact force and energy response relative to deflection is notable, as can be seen from all the 
charts in Fig. 3. Especially good repeatability is apparent in the first elastic impact domain (i.e., force increase from 
zero value until the first peak) and first damage event (i.e., decrease in force after the first peak until the first gradual 
increase in force). Unlike the batches with lower layer thickness, the 0.3 mm batch contains a distinctive plateau 
before reaching the first peak (also visible on the average curve chart, Fig. 4- Left).  

The similarity in response for the 0.1 mm and 0.2 mm batches can also be seen in Fig. 4, Right (average impact 
energy-deflection curves). The effect of plastic deformation can be derived from the displacement increase at a 
constant energy level, as stated by Krausz et al. (2021). The plastic deformation is visible from 0.3 mm until 0.5 mm 
deflection for 0.1 mm and 0.2 mm layer thickness batches. Unlike these two batches, the 0.3 mm batch has a 
significantly smaller plateau here. Also, the impact energy value is higher for both lower thickness batches (values 
are about 0.09 J), and the impact energy value for the 0.3 mm batch is around 0.07 J (see Fig. 4, Right). 

In FDM, higher layer thicknesses have lower adhesion between layers and a larger portion of air gaps in the 
cross-section. For these stated reasons, the 0.3 mm batch differs so much from the other two higher-resolution 
batches. 

 

Fig. 4. (Left) Average force-deflection curves; (Right) Average energy-deflection curves. 
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The maximum impact force and the value of deflection at the break for the observed layer thicknesses are shown 
in Fig. 5. The maximum impact force is higher in lower layer thicknesses (see trendline, Fig. 5- Left). Unfortunately, 
the highest value scatter is present in the 0.1 mm batch, due to the presence of the highest peaks later in the 
propagation phase (see Fig. 3, Bottom-Left). In the 0.3 mm batch, the highest values are located at the first peak, in 
the 0.2 mm batch the maximum values are mostly placed at the second peak. The maximum impact force value 
range is 11.489 N and 13.123 N for the 0.2 and 0.3 mm batches, respectively. In the 0.1 mm layer thickness batch 
the value range is much higher, i.e., 35.24 N. The 0.1 mm batch is unique because it has a considerable number of 
maximum impact force values located at the last peak. On the one hand, this is an advantage for this layer thickness 
because it can withstand high forces later in the propagation phase. Unfortunately, this may produce a high scatter of 
the force values.  

The same applies to the deflection at break values (see Fig. 5, Right): the trendline shows higher values for lower 
layer thicknesses. The highest value scatter is present in the 0.2 mm batch, mostly due to specimens no. 2 and 5 
reaching a much higher deflection than the other specimens from the batch (see Fig. 3, Middle-Left). Here, five 
specimens experienced a break at around 1 mm, the other two failed at around 1.3 mm and 2 mm. Because of that, 
the deflection at the break range for the 0.2 mm batch is the highest, i.e., 1.068 mm. In the 0.3 mm batch, there were 
deflection recordings after the last peak, resulting in a 0.432 mm range in break deflection values. In contrast to the 
mentioned batches, all of the 0.1 mm specimens experienced a break at almost the same location, resulting in a 
deflection value range of just 0.044 mm. 

 

 

Fig. 5. (Left) Maximum impact force values; (Right) Deflection at break values. 

The impact energy and impact strength values are shown in Fig. 6. From both charts the trendline shows that 
lower layer thicknesses produce higher values. The highest value range is present in the 0.2 mm batch, due to the 
large difference in deflection at the point of specimen break. Namely, two of the 0.2 mm specimens accumulated 
more energy because they experienced break much after 1 mm, where almost all of the tested specimens failed. That 
is the reason why two of the 0.2 mm specimens had much higher values than the rest of the batch. The range in 
impact energy values is shown in Fig.6- Left. The range in impact strength values is also the highest in the 0.2 mm 
batch. The impact strength values (Fig. 6- Right) have a similar trendline and range as impact energy due to the 
impact energy value being a constituent of the impact strength equation from ISO 179. The average impact strength 
values for all three chosen layer thicknesses are shown in Table 2. 
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Fig. 6. (Left) Impact energy values; (Right) Charpy impact strength values. 

   Table 2. Average impact strength values for all three chosen layer thicknesses. 

Layer thickness (mm) 0.3 0.2 0.1 

Average impact strength (kJ/m2) 2.0378 2.2572 2.5248 

4. Conclusions 

The Charpy impact tests were conducted on full infill specimens with different layer thicknesses namely, 0.3 mm, 
0.2 mm, and 0.1 mm. All specimens were prepared according to ISO 179 standard, with a type A notch. The notch 
was directly AMed, not machined. The results are interpreted on impact force/energy-deflection charts and maximal 
impact force, deflection at the point of break, impact energy, and impact strength value charts relative to specimen 
thickness. Some conclusions are imposed here: 
 High repeatability of results is present concerning impact force/energy response, relative to deflection.  
 From average curves the matching between 0.2 mm and 0.1 mm batch is visible. 
 Overall, higher impact force, energy, deflection at the point of break, and impact strength are achieved with lower 

layer thicknesses. 
 Average impact strength values here are in the range between 2.0378 and 2.5248 kJ/m2. 
 The highest overall impact property value range is present in the 0.2 mm layer thickness batch, due to some of 

the specimens there failing much after the rest of the batch (see the impact force-deflection chart- Fig. 3, Middle-
Left). 
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Abstract 

The aim of this paper was to observe the behavior of recycled 3D printed polyethylene terephthalate glycol (PETG) specimens 
and 3D printed raw specimens. In order to extrude the recycled grains into a filament, a Felfil evo filament extruder was used. 
The recycled filament was extruded from PETG at a temperature of 195°C and with a speed of 7 rpm according to the 
manufacturers’ requirements. Subsequently, different colors of the raw filament were printed on tensile specimens using Prusa i3 
MK3S Original to compare the results between the recycled filament and the manufactured one. After printing the samples, the 
tensile tests were performed on the Zwick machine, with a capacity of 5KN. For the determination of the strain state in the test 
specimens, digital image correlation was used. A good correlation between the results was observed. Digital image correlation 
helped to better understand of the distribution of true principal strain in the recycled and raw specimens. 
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1. Introduction  

In the last decade, 3D printing technology using Additive Manufacturing (AM) technology, became more and 
more popular, due to the various industrial applications in the field of rapid manufacturing to fabricate prototypes 
and concept models. It has several benefits like simpler and reduced supply chain, increased longevity of the 
product, eradication of tooling need, and shorter assembly chains according to Krishna et al. (2021) and also 
provides design freedom to the product designer and makes the product more sustainable, Vashi et al. (2021). 

Fused deposition modelling (FDM), which is perhaps the most used AM techniques by materials engineers and 
hobbyists alike, involves the extrusion of a molten filament through a heated nozzle onto a build plate to form a part, 
which is subsequently built up layer by layer until a finished printed product is completed, Holcomb et al. (2022).  

Polyethylene terephthalate glycol (PETG) is an amorphous polymer widely used in 3D printing which performs 
well mechanically and is far less brittle compared to polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) 
(124% elongation at fracture vs. 6% and 100%, respectively). Also, compared to the semi-crystalline polyamide 
printing polymers, the amorphous PETG shows a lower thermal shrinkage after printing, leading to reduced warping 
of the printed parts, Rijckaert et al (2022). 

A wide range of thermoplastic filaments like PLA, ABS, and PETG are used as a filament in 3D printing 
according to Ngo et al. (2018), which are non-biodegradable, thus the waste aspect of 3D printed plastic products is 
a matter of concern due to its impact on the circular economy. Zhu et al. (2021) shown that in order to incorporate 
sustainability into the process, to minimize negative environmental impact, “the choice of filament-type has an 
important role in the circular economy of filaments”. Popa et al. (2022, 2023) investigated the impact energy and the 
impact strength on PLA and PETG specimens, obtained through FDM technology. 

Studies have been conducted in order to obtain recycled 3D printed PETG models with high mechanical 
properties. Schneevogt et al. (2021) shown that a 100% recycled PET (rePET) filament is compared to a 
conventional PETG filament; tensile tests are furthermore conducted on specimens made from a conventional 
polymer material and a recycled polymer material. Another study describing the process of printing with 100% 
recycled PETG using fused FGF (fused granule fabrication) methods examines the extent to which PETG can be 
recycled and reprinted through the same FGF tool without significant loss to its material properties, Thompson  et al. 
(2022). Kovácová et al. (2020) tried to replace commercial virgin PETG with cheaper recycled PETG whose price is 
ten times lower, using composite materials for 3D printing technology by FFF (fused filament fabrication), and 
concluded that replacing virgin PETG with recycled PETG does not significantly change the properties of the 
filament, just causes a price reduction. Furthermore, research showed that it was possible to recycle and reuse PETG 
material multiple times, resulting in a significant gain in the mechanical properties of the recycled materials Vidakis 
et al. (2021). 

In this study, we investigated the mechanical properties of raw and recycled PETG materials. The Dantec Digital 
Image Correlation (DIC) 3D was used to measure the deformation of the specimens in the time of tensile test for a 
better understanding of their behavior. A good correlation between the results obtained using the raw material and 
the recycled PETG material was observed. If compute the difference between the movement of the upper and lower 
point from the specimen in DIC, the maximum displacement in the recycled specimen is 1,39mm and 1,28mm for 
the raw specimen respectively until the crack appears. 

 

2. Materials and Methods 

In the framework of this study, tensile tests were carried out on various specimens. The specimens were 
manufactured using Prusa MK3 printer. Fused deposit modeling technology, with different colors of the filament: 
colorless, black, and white, but also filament extruded from recycled pellets, were used.  

For the extrusion of the recycled grains into a filament, used in fused deposition modeling (FDM) technology, a 
Felfil evo filament extruder was used, Figure 1 a. The recycled filament was extruded from polyethylene 
terephthalate glycol (PETG) at a temperature of 195°C and with a speed of 7 rpm according to the manufacturer's 
requirements. In order to observe the geometric characteristics of the new extruded filament, the diameter of the wire 
was measured as follows: from 10 to 10 cm in length, Figure 1b.  

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2024.02.048&domain=pdf


 Sergiu-Valentin Galațanu  et al. / Procedia Structural Integrity 56 (2024) 138–143 139
 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2023) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the SIRAMM23 organizers  

Structural Integrity and Reliability of Advanced Materials obtained through Additive 
Manufacturing (SIRAMM23)  

Mechanical behavior of recycled FDM printed parts from PETG 
in the circular economy 

Sergiu-Valentin Galațanua, Fátima Nunes Serralhab, Mihai-Petru Mărghitașa,  
Corina Șoșdeanc,*, Cosmin-Florin Popaa, Linul Emanoila and Liviu Marșavinaa 

aDepartment of Mechanics and Strength of Materials, Politehnica University of Timisoara, Mihai Viteazu Bd., 300222 Timisoara, Romania 
bInstituto Politécnico de Setubal, Campus do IPS – Estefanilha, 2910-761 Setúbal, Portugal 

cDepartment of Mechatronics, Politehnica University of Timisoara, Mihai Viteazu Bd., 300222 Timisoara, Romania  

Abstract 

The aim of this paper was to observe the behavior of recycled 3D printed polyethylene terephthalate glycol (PETG) specimens 
and 3D printed raw specimens. In order to extrude the recycled grains into a filament, a Felfil evo filament extruder was used. 
The recycled filament was extruded from PETG at a temperature of 195°C and with a speed of 7 rpm according to the 
manufacturers’ requirements. Subsequently, different colors of the raw filament were printed on tensile specimens using Prusa i3 
MK3S Original to compare the results between the recycled filament and the manufactured one. After printing the samples, the 
tensile tests were performed on the Zwick machine, with a capacity of 5KN. For the determination of the strain state in the test 
specimens, digital image correlation was used. A good correlation between the results was observed. Digital image correlation 
helped to better understand of the distribution of true principal strain in the recycled and raw specimens. 
 
© 2023 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the SIRAMM23 organizers 
Keywords: polyethylene terephthalate glycol, fused deposition modelling, mechanical behaviour, recycling. 

 

 
* Corresponding author. 

E-mail address: corina.sosdean@upt.ro  

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2023) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the SIRAMM23 organizers  

Structural Integrity and Reliability of Advanced Materials obtained through Additive 
Manufacturing (SIRAMM23)  

Mechanical behavior of recycled FDM printed parts from PETG 
in the circular economy 

Sergiu-Valentin Galațanua, Fátima Nunes Serralhab, Mihai-Petru Mărghitașa,  
Corina Șoșdeanc,*, Cosmin-Florin Popaa, Linul Emanoila and Liviu Marșavinaa 

aDepartment of Mechanics and Strength of Materials, Politehnica University of Timisoara, Mihai Viteazu Bd., 300222 Timisoara, Romania 
bInstituto Politécnico de Setubal, Campus do IPS – Estefanilha, 2910-761 Setúbal, Portugal 

cDepartment of Mechatronics, Politehnica University of Timisoara, Mihai Viteazu Bd., 300222 Timisoara, Romania  

Abstract 

The aim of this paper was to observe the behavior of recycled 3D printed polyethylene terephthalate glycol (PETG) specimens 
and 3D printed raw specimens. In order to extrude the recycled grains into a filament, a Felfil evo filament extruder was used. 
The recycled filament was extruded from PETG at a temperature of 195°C and with a speed of 7 rpm according to the 
manufacturers’ requirements. Subsequently, different colors of the raw filament were printed on tensile specimens using Prusa i3 
MK3S Original to compare the results between the recycled filament and the manufactured one. After printing the samples, the 
tensile tests were performed on the Zwick machine, with a capacity of 5KN. For the determination of the strain state in the test 
specimens, digital image correlation was used. A good correlation between the results was observed. Digital image correlation 
helped to better understand of the distribution of true principal strain in the recycled and raw specimens. 
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1. Introduction  

In the last decade, 3D printing technology using Additive Manufacturing (AM) technology, became more and 
more popular, due to the various industrial applications in the field of rapid manufacturing to fabricate prototypes 
and concept models. It has several benefits like simpler and reduced supply chain, increased longevity of the 
product, eradication of tooling need, and shorter assembly chains according to Krishna et al. (2021) and also 
provides design freedom to the product designer and makes the product more sustainable, Vashi et al. (2021). 

Fused deposition modelling (FDM), which is perhaps the most used AM techniques by materials engineers and 
hobbyists alike, involves the extrusion of a molten filament through a heated nozzle onto a build plate to form a part, 
which is subsequently built up layer by layer until a finished printed product is completed, Holcomb et al. (2022).  

Polyethylene terephthalate glycol (PETG) is an amorphous polymer widely used in 3D printing which performs 
well mechanically and is far less brittle compared to polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) 
(124% elongation at fracture vs. 6% and 100%, respectively). Also, compared to the semi-crystalline polyamide 
printing polymers, the amorphous PETG shows a lower thermal shrinkage after printing, leading to reduced warping 
of the printed parts, Rijckaert et al (2022). 

A wide range of thermoplastic filaments like PLA, ABS, and PETG are used as a filament in 3D printing 
according to Ngo et al. (2018), which are non-biodegradable, thus the waste aspect of 3D printed plastic products is 
a matter of concern due to its impact on the circular economy. Zhu et al. (2021) shown that in order to incorporate 
sustainability into the process, to minimize negative environmental impact, “the choice of filament-type has an 
important role in the circular economy of filaments”. Popa et al. (2022, 2023) investigated the impact energy and the 
impact strength on PLA and PETG specimens, obtained through FDM technology. 

Studies have been conducted in order to obtain recycled 3D printed PETG models with high mechanical 
properties. Schneevogt et al. (2021) shown that a 100% recycled PET (rePET) filament is compared to a 
conventional PETG filament; tensile tests are furthermore conducted on specimens made from a conventional 
polymer material and a recycled polymer material. Another study describing the process of printing with 100% 
recycled PETG using fused FGF (fused granule fabrication) methods examines the extent to which PETG can be 
recycled and reprinted through the same FGF tool without significant loss to its material properties, Thompson  et al. 
(2022). Kovácová et al. (2020) tried to replace commercial virgin PETG with cheaper recycled PETG whose price is 
ten times lower, using composite materials for 3D printing technology by FFF (fused filament fabrication), and 
concluded that replacing virgin PETG with recycled PETG does not significantly change the properties of the 
filament, just causes a price reduction. Furthermore, research showed that it was possible to recycle and reuse PETG 
material multiple times, resulting in a significant gain in the mechanical properties of the recycled materials Vidakis 
et al. (2021). 

In this study, we investigated the mechanical properties of raw and recycled PETG materials. The Dantec Digital 
Image Correlation (DIC) 3D was used to measure the deformation of the specimens in the time of tensile test for a 
better understanding of their behavior. A good correlation between the results obtained using the raw material and 
the recycled PETG material was observed. If compute the difference between the movement of the upper and lower 
point from the specimen in DIC, the maximum displacement in the recycled specimen is 1,39mm and 1,28mm for 
the raw specimen respectively until the crack appears. 

 

2. Materials and Methods 

In the framework of this study, tensile tests were carried out on various specimens. The specimens were 
manufactured using Prusa MK3 printer. Fused deposit modeling technology, with different colors of the filament: 
colorless, black, and white, but also filament extruded from recycled pellets, were used.  

For the extrusion of the recycled grains into a filament, used in fused deposition modeling (FDM) technology, a 
Felfil evo filament extruder was used, Figure 1 a. The recycled filament was extruded from polyethylene 
terephthalate glycol (PETG) at a temperature of 195°C and with a speed of 7 rpm according to the manufacturer's 
requirements. In order to observe the geometric characteristics of the new extruded filament, the diameter of the wire 
was measured as follows: from 10 to 10 cm in length, Figure 1b.  
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To manufacture the specimens from the recycled filament, but also from raw filament infill, speed was set to 
80mm/s, with a layer thickness of 0.2mm and 100% rectilinear infill. The nozzle temperature for the first layer was 
240°C and 250°C for other layers. The bed temperature was 85°C for the first layer and 90°C for the other layers 
respectively. 

  

Fig. 1. (a) Felfil evo filament extruder and (b) average of the diameter in length 

Tensile test specimens with the following dimensions were used: 2mm in thickness, 5mm in width and the 
calibrated area of the length 40mm, respectively. The specimens were subjected to tensile testing using a universal 
testing machine (Zwick Proline Z005, Ulm, Germany), with a maximum force of 5 kN at ambient temperature. To 
determine Young's Modulus a manual clip-on extensometer was used for some of the tests. The Digital 3D Image 
Correlation System Q-400 was used for the other tests. In the first step, the calibration procedure was realized. The 
calibration process was carried out with a BNB9x9. For these tests, the Global Residual was 0.240, and a medium 
accuracy is between 300 and 500. Images of the specimens were captured at a rate of 1 Hz, one picture for each 
camera at one second. Next, the specimens were painted with several layers of white paint until the surfaces of the 
specimens were completely white and without reflectivity. In the end, a second light-speckle pattern of black paint 
was applied over the area of interest. The specimens were tested as follows: PETG Transparent Recycled specimens, 
PETG Transparent specimens, PETG White specimens, and PETG Black specimens.  

3. Results and discussions 

The aim of this paper was to observe the behavior of recycled and raw specimens. In order to understand this 
behavior, different charts were plotted for each type of specimen. Fig. 2 presents stress–strain curves for the same 
type of specimens. For a better observation and comparison of the results obtained for each type of material, the 
stress-strain curves were cut at 0.2 mm/mm. However, some of the specimens failed at much higher strain values, 
but this aspect can be observed in Fig. 3 c. 

Taking into account those results, the average of the maximum stress, the average of the strain at maximum 
stress, and the average of the ultimate strain were obtained, in Fig. 3. The Young Modulus was determined only for 
the recycled specimens and for the black specimens. 

    

Fig. 2. Stress – strain curves for (a) PETG Transparent Recycled specimens, (b) PETG Transparent specimens, (c) PETG White specimens, and 
(d) and PETG Black specimens. 

It can be seen that the maximum stress average has similar values for all the groups of specimens investigated. 
Both transparent specimen groups, from recycled material and from raw material, have a maximum stress of about 
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49 MPa. The white and black specimen groups have lower values of the maximum stress (about 47 MPa in the case 
of white samples, and about 46 MPa in the case of black samples respectively).  

    

Fig. 3. (a) Average of the maximum stress, (b) Average of the strain at the maximum stress, (c) Average of the ultimate strain,  
and (d) and Young Modulus. 

The highest values of the strain at the maximum stress were observed in the case of white samples, Fig. 3b; they 
tend to be more ductile than the other samples, even though the difference between the values is subtle. If we 
analyze the results, we can see that the white samples have the best repeatability, while the recycled samples have a 
higher spread of values. This may be due to the inhomogeneity, but also to the diameter variation for the extruded 
recycled wire. At the same time, in the case of the recycled and black samples, the results show us a large dispersion 
in terms of the ultimate strain. For a better understanding of this behavior, more specimens need to be analyzed in 
the future. However, with the exception of one specimen, all the black samples presented high ultimate strain values. 
The observed differences between the results recorded for the group of specimens with different wire colors also 
confirm that the color influences the mechanical tensile properties, Frunzaverde et al. (2023). 

In Fig. 3 d, it can be seen that the Young modulus obtained has similar values to those from the literature (about 
2100 MPa both for the recycled and raw specimens). 

     

Fig. 4. Displacement from DIC on the recycled specimen Fig. 5. Displacement from DIC on the raw specimen 

In Fig. 4 three displacement phases of the recycled specimen measured with DIC are depicted. The initial phase is 
presented in (a). This is the reference position for the measurement when the specimen is not loaded. Figure (b) 
shows an intermediary phase, the specimen was loaded, and the maximum deformation is located in the upper part of 
the specimen. The last figure shows the last phase before the crack appears; in this phase, the maximum 
displacement is 2.56 mm in the upper part of the specimen. Fig 5 presents the same thing but for the raw specimen. 
In this case, the first stage was no longer represented, only the second (b) and third (c) phases are displayed. Similar 
to the results recorded in the case of the recycled specimen the maximum displacement is about 2.32mm before the 
crack appears. 

If we compute the difference between the movement of the upper and lower point from the specimen in DIC, the 
maximum displacement in the recycled specimen is 1,39mm and 1,28mm for the raw specimen respectively until the 
crack appears. 

In Fig. 6 and 7 the true principal strain from DIC on the recycled and raw specimens, are presented. The initial 
phase (presented in Fig. 6a), the intermediate phase (Fig. 6b, Fig. 7b) and a phase close to the appearance of the 
crack (Fig. 6c and Fig. 7c) are presented. These images provide a better understanding in the distribution of true 
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principal strain in the recycled and raw specimens. In both cases, Fig. 6c and Fig. 7c already present the appearance 
of the crack, in the bottom part of the recycled specimen, and in the upper part of the raw specimen. 

Experimental testing results showed that fracture occurred in the calibrated area of the specimens. 

     

Fig. 6. True Principal Strain from DIC  
on the recycled specimen 

Fig. 7. True Principal Strain from DIC  
on the raw specimen 

4. Conclusions 

Taken into account the results of the study, the following conclusions can be drawn: 
 Maximum stress presents similar results for the specimens from PETG transparent recycled (R) and 

PETG transparent (T) from raw wire respectively (R: 49.69 MPa and T:49.38 MPa respectively);  
 The results for specimens made from PETG white (W) and PERG Black (B) showed weaker values (W: 

47.43 MPa and B: 46.88 MPa respectively). The color of the specimens leading to different results was 
also observed by other researchers; 

 All specimens presented the same behavior in terms of the strain state at the maximum stress value 
except the results for the white PETG specimens (R:4.3%,T:4.2, B:4% and W:4.5% ). 

 Ultimate strain presented a major dispersion of results with a high standard deviation for the recycled 
and black samples. For a better understanding of this behavior, more specimens need to be analyzed. 

 Young Modulus has similar values for the specimens, similar to those found in the literature (about 2100 
MPa). 
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1. Introduction 

Metamaterials represent a class of materials characterized by the incorporation of structural components that induce 
alterations in the inherent physical characteristics of the constituent base material. Mechanical metamaterials possess 
unique and exceptional properties that arise from the relationship between their structural framework and mechanical 
properties and are able to modify their response to physical phenomena (Findeisen, 2017). These atypical properties 
may include negative stiffness, compressibility, thermal expansion, and auxeticity, that are rarely seen in nature (Fu, 
2018). These characteristics result in advanced functionalities, thus making these materials ideal for a range of 
specialized applications. The most well-known group of mechanical metamaterials are auxetic systems, which include 
various geometries that have been established for authenticity (Mousanezhad, 2016). These comprise of re-entrant 
structure, rotating rigid unit systems, chiral honeycombs, origami/folding patterns, dilatational, and helical systems 
and have been replicated or detected in sizes that range from the nanoscale to the macroscale (Mizzi, 2021). 

By focusing on a particular direction of metamaterials inspired by art, in the last 10 years, has been developed an 
entire family of metamaterials originating from origami and kirigami (Tachi, 2013). These metamaterials are using the 
principals of the Japanese art of paper folding and are highly customizable. Their mechanical properties can be altered 
by changing the geometry and layout of the folded patterns. Researchers have developed a range of groundbreaking 
and practical origami-based metamaterials, including notable examples such as Ron Resch patterns, Miura-ori 
structures, and transformable origami metamaterials. (Kshad, 2018) (Zadpoor, 2016). These metamaterials have found 
applications in robotics, nano and micro mechanisms, aerospace, furniture, and medical devices (Tachi, 2013).  

In the context of paper quilling, this area remains relatively underexplored, offering a promising avenue for the 
development of self-sustaining structures. Paper quilling constitutes an artistic practice wherein strips of paper are 
meticulously shaped and adhered together to craft ornamental patterns. This process involves the rolling, looping, 
curling, twisting, and other forms of manipulation of paper strips to fashion various shapes that serve as the building 
blocks for decorative elements in greeting cards, artwork, containers, as well as in the creation of models, jewelry, 
figurines, and 3D miniatures, among other applications. 

Current research employs paper quilling as a source of inspiration for the development of novel metamaterials. The 
principal objective of this investigation is to gain insights into the mechanical response of a metamaterial inspired by 
quilling, particularly one characterized by nonlinear behaviour under deformation loads. The initial section of this 
paper introduces the structural configuration under scrutiny, elucidating its geometric parameters. A 3D-printed test 
specimen was employed to subject it to compressive forces while capturing the corresponding force-displacement 
relationship. The analysis of the inner structural displacements within the metamaterial was conducted using the optical 
technique known as Digital Image Correlation. Comparative assessments of both experimental datasets were 
performed in relation to numerical simulations executed via the Finite Element Method. The results convergence and 
the mechanical stiffness of the structure are presented in the subsequent sections, encompassing the results and 
conclusions. 

2. Materials and Methods 

2.1. Design Steps of the Metamaterial 

The creation of the metamaterial started from a conceptual design of paper, which was shaped using quilling 
techniques to create various forms, culminating in interconnected cellular structures comprised of linked spirals. 
Quilling as a modeling method frequently entails the use of curved, twisted, and spiral shapes, imbuing the model with 
a fluid quality and enabling the generation of limitless, repetitive patterns.  

The second step was the selection of the most suitable model, identified as a geometric configuration consisting of 
four-armed spirals, which were consistently arranged along both axes (XY). This arrangement led to the formation of 
layered metamaterial structures. 

The third stage of the process entailed the digital transposition of the model. The model was simplified and 
converted into a stylized digital format to facilitate its compatibility with 3D printing technology, resulting in their 
final cellular structure. Cellular materials are distinguished for their intrinsic lightweight properties and their 
exceptional ability to attenuate external forces. Within the domain of cellular materials, those exhibiting periodic 
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structures have garnered significant attention. This attention is owed to their optimization through the application of 
minimum weight design principles, comprehensive dynamic and quasi-static experimentation, and the employment of 
large-scale computer simulations. (Cernescu, 2014). 

The provided images below depict the sequential stages involved in achieving the optimal design, progressing from 
the initial paper concept to the final 3D-printed samples. 

 

   

    Fig. 1. Paper quilling model Fig. 2. 2D view of one cell of 
the metamaterial with 

geometrical dimensions 

Fig. 3. Geometrical pattern of 
the metamaterial 

Fig. 4. 3D printed structure 

 

2.2. Material and Manufacturing Method 

In order to create the distinct meso-structure and material design of metamaterials, special manufacturing 
techniques are necessary. These techniques must be creative and advanced in nature. 3D printing presents a disruptive 
manufacturing process which combines molding principles with unique benefits such as the ability to create complex 
geometries, customization, and quick manufacturing. Due to these advantages, 3D printing is increasingly used to 
fabricate mechanical metamaterials with intricate internal structures (Zhou, 2023). 

The manufacturing method selected for all the samples was 3D printing, due to accessibility and ease in creating 
complicated structures such as spiral patterns. The material chosen for 3D printing was Z-ultrat, an ABS plastic blend 
filament. When printed this material yields a consistent surface texture and exhibits properties similar to those of 
models produced through injection molding. Z-ultrat is characterized by its widespread availability, user-friendly 
nature, and its ability to sustain intricate structures via a single production process. Furthermore, one of the advantages 
associated with Z-Ultrat is its versatility in conducting a wide range of physical tests, thereby offering precise and 
relevant information into the response of a component to its environment. (Szykiedans, 2016).  

Standard tensile samples of the material were produced for experiments, using similar printing parameters to get 
the material constants of the 3D printed metamaterial. The specimens printed with 100% infill rate and +45-45 infill 
pattern, had a cross-sectional area of 9.57 mm by 4 mm. They were tensile tested up to a maximum force of 1,100 N 
at a speed of 4 mm per minute. Tensile strength testing revealed values of 28.75 MPa, 0.3 for Poisson's ratio, and 1703 
MPa for Young's modulus. Due to air to void ratio of the 3D printed materials, the above values were obtained based 
upon the methodology described by Racz and Dudescu (2022). 

2.3. Testing methods 

Due to the spiral shapes, when these structures are subjected to loads was observed that the inside cells present in-
plane displacements and rotations around the vertices of the spiral centers (denoted in the displacement-load scheme 
with “O” – Fig. 5). The movements have been visible during the experiment, but we were limited for measuring the 
displacements on the testing machine. In order to understand the reaction in the structure have been chosen three 
methods of analyses: 
 Physical compression tests of the 3D-printed samples on a universal testing machine; 
 Finite Element Method using Ansys Workbench software; 
 Digital Image Correlation (DIC) method. 



 Vasilica Ioana Cimpoies  et al. / Procedia Structural Integrity 56 (2024) 49–57 512 Author name / Structural Integrity Procedia  00 (2019) 000–000 

1. Introduction 

Metamaterials represent a class of materials characterized by the incorporation of structural components that induce 
alterations in the inherent physical characteristics of the constituent base material. Mechanical metamaterials possess 
unique and exceptional properties that arise from the relationship between their structural framework and mechanical 
properties and are able to modify their response to physical phenomena (Findeisen, 2017). These atypical properties 
may include negative stiffness, compressibility, thermal expansion, and auxeticity, that are rarely seen in nature (Fu, 
2018). These characteristics result in advanced functionalities, thus making these materials ideal for a range of 
specialized applications. The most well-known group of mechanical metamaterials are auxetic systems, which include 
various geometries that have been established for authenticity (Mousanezhad, 2016). These comprise of re-entrant 
structure, rotating rigid unit systems, chiral honeycombs, origami/folding patterns, dilatational, and helical systems 
and have been replicated or detected in sizes that range from the nanoscale to the macroscale (Mizzi, 2021). 

By focusing on a particular direction of metamaterials inspired by art, in the last 10 years, has been developed an 
entire family of metamaterials originating from origami and kirigami (Tachi, 2013). These metamaterials are using the 
principals of the Japanese art of paper folding and are highly customizable. Their mechanical properties can be altered 
by changing the geometry and layout of the folded patterns. Researchers have developed a range of groundbreaking 
and practical origami-based metamaterials, including notable examples such as Ron Resch patterns, Miura-ori 
structures, and transformable origami metamaterials. (Kshad, 2018) (Zadpoor, 2016). These metamaterials have found 
applications in robotics, nano and micro mechanisms, aerospace, furniture, and medical devices (Tachi, 2013).  

In the context of paper quilling, this area remains relatively underexplored, offering a promising avenue for the 
development of self-sustaining structures. Paper quilling constitutes an artistic practice wherein strips of paper are 
meticulously shaped and adhered together to craft ornamental patterns. This process involves the rolling, looping, 
curling, twisting, and other forms of manipulation of paper strips to fashion various shapes that serve as the building 
blocks for decorative elements in greeting cards, artwork, containers, as well as in the creation of models, jewelry, 
figurines, and 3D miniatures, among other applications. 

Current research employs paper quilling as a source of inspiration for the development of novel metamaterials. The 
principal objective of this investigation is to gain insights into the mechanical response of a metamaterial inspired by 
quilling, particularly one characterized by nonlinear behaviour under deformation loads. The initial section of this 
paper introduces the structural configuration under scrutiny, elucidating its geometric parameters. A 3D-printed test 
specimen was employed to subject it to compressive forces while capturing the corresponding force-displacement 
relationship. The analysis of the inner structural displacements within the metamaterial was conducted using the optical 
technique known as Digital Image Correlation. Comparative assessments of both experimental datasets were 
performed in relation to numerical simulations executed via the Finite Element Method. The results convergence and 
the mechanical stiffness of the structure are presented in the subsequent sections, encompassing the results and 
conclusions. 

2. Materials and Methods 

2.1. Design Steps of the Metamaterial 

The creation of the metamaterial started from a conceptual design of paper, which was shaped using quilling 
techniques to create various forms, culminating in interconnected cellular structures comprised of linked spirals. 
Quilling as a modeling method frequently entails the use of curved, twisted, and spiral shapes, imbuing the model with 
a fluid quality and enabling the generation of limitless, repetitive patterns.  

The second step was the selection of the most suitable model, identified as a geometric configuration consisting of 
four-armed spirals, which were consistently arranged along both axes (XY). This arrangement led to the formation of 
layered metamaterial structures. 

The third stage of the process entailed the digital transposition of the model. The model was simplified and 
converted into a stylized digital format to facilitate its compatibility with 3D printing technology, resulting in their 
final cellular structure. Cellular materials are distinguished for their intrinsic lightweight properties and their 
exceptional ability to attenuate external forces. Within the domain of cellular materials, those exhibiting periodic 

 Author name / Structural Integrity Procedia 00 (2019) 000–000  3 

structures have garnered significant attention. This attention is owed to their optimization through the application of 
minimum weight design principles, comprehensive dynamic and quasi-static experimentation, and the employment of 
large-scale computer simulations. (Cernescu, 2014). 

The provided images below depict the sequential stages involved in achieving the optimal design, progressing from 
the initial paper concept to the final 3D-printed samples. 

 

   

    Fig. 1. Paper quilling model Fig. 2. 2D view of one cell of 
the metamaterial with 

geometrical dimensions 

Fig. 3. Geometrical pattern of 
the metamaterial 

Fig. 4. 3D printed structure 

 

2.2. Material and Manufacturing Method 

In order to create the distinct meso-structure and material design of metamaterials, special manufacturing 
techniques are necessary. These techniques must be creative and advanced in nature. 3D printing presents a disruptive 
manufacturing process which combines molding principles with unique benefits such as the ability to create complex 
geometries, customization, and quick manufacturing. Due to these advantages, 3D printing is increasingly used to 
fabricate mechanical metamaterials with intricate internal structures (Zhou, 2023). 

The manufacturing method selected for all the samples was 3D printing, due to accessibility and ease in creating 
complicated structures such as spiral patterns. The material chosen for 3D printing was Z-ultrat, an ABS plastic blend 
filament. When printed this material yields a consistent surface texture and exhibits properties similar to those of 
models produced through injection molding. Z-ultrat is characterized by its widespread availability, user-friendly 
nature, and its ability to sustain intricate structures via a single production process. Furthermore, one of the advantages 
associated with Z-Ultrat is its versatility in conducting a wide range of physical tests, thereby offering precise and 
relevant information into the response of a component to its environment. (Szykiedans, 2016).  

Standard tensile samples of the material were produced for experiments, using similar printing parameters to get 
the material constants of the 3D printed metamaterial. The specimens printed with 100% infill rate and +45-45 infill 
pattern, had a cross-sectional area of 9.57 mm by 4 mm. They were tensile tested up to a maximum force of 1,100 N 
at a speed of 4 mm per minute. Tensile strength testing revealed values of 28.75 MPa, 0.3 for Poisson's ratio, and 1703 
MPa for Young's modulus. Due to air to void ratio of the 3D printed materials, the above values were obtained based 
upon the methodology described by Racz and Dudescu (2022). 

2.3. Testing methods 

Due to the spiral shapes, when these structures are subjected to loads was observed that the inside cells present in-
plane displacements and rotations around the vertices of the spiral centers (denoted in the displacement-load scheme 
with “O” – Fig. 5). The movements have been visible during the experiment, but we were limited for measuring the 
displacements on the testing machine. In order to understand the reaction in the structure have been chosen three 
methods of analyses: 
 Physical compression tests of the 3D-printed samples on a universal testing machine; 
 Finite Element Method using Ansys Workbench software; 
 Digital Image Correlation (DIC) method. 



52 Vasilica Ioana Cimpoies  et al. / Procedia Structural Integrity 56 (2024) 49–574 Author name / Structural Integrity Procedia  00 (2019) 000–000 

2.4. Structure description 

For a better understand of the behaviour of the structure, after developing the model it was found proper to print 
layers of metamaterials with different number of cells, predicting that the structure will respond with different 
displacements depending on the number of cells. All the models keep the same dimensions for cells as presented in 
Fig. 2. For all the models have been added side plates as supports for positioning the samples onto testing machine. 
The tested samples, as depicted in Fig. 5 and identified by their respective name codes, are as follows: 
1. M1X1 – A single cell of the metamaterial featuring side plates, composed of four interconnected spirals. 
2. M3X1 – A row of cells with side plates. 
3. M3X3 – A square pattern of cells comprising nine complete cells and sixteen spirals, supported by two plates. 

2.5. Experimental compression test 

Three different 3D printed samples of metamaterial together with the tensile specimens of Z-ultrat (as mechanical 
properties reference) have been tested on the universal testing machine (Instron 3366, 10 kN). The samples of 
metamaterial have been subjected to maximum loads that were able to withstand plastic deformation or fracture.  

Has been observed that during the experiment the metamaterials have shown a very high extension rate from 8.9% 
for one-cell model (M1X1), 7.74 % for M3X1 a single row of cells and up to 13.5% for a square pattern with 9 cells 
(M3X3). All the shapes presented an instant shape recovery of the structure with a precision rate of 99%. 

Throughout the testing process, it was observed that the material exhibited deformation in two distinct directions, 
namely, vertical, and horizontal. The horizontal displacement was primarily induced by the spiral arms, resulting in a 
rotational deflection around the spiral nodes. Notably, the deformation displayed non-uniform characteristics across 
all structures, as each spiral arm triggered a cascading effect among its neighbouring counterparts. Consequently, 
initial observations indicate that these structures demonstrate a nonlinear and hardly predictable response when 
subjected to applied loads. 

 

 
Fig. 6. Comparison of force vs displacement between the three structures (M1X1, M1X3 and M3X3) 

 

   
Fig. 5. Samples of the metamaterial used for compressive testing (right - M1X1, center - M3X1, left - M3X3) 
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The structures have shown that by increasing the number of cells the structure gains significant elasticity. In the 
graph below (Fig. 6) are presented the compressive load vs compressive extension curves generated by the progressive 
load for all three models. The extension was captured on the graph up to plastic deformation. Until that point, the 
structures have an instant recovery behaviour. 

2.6. Numerical Analysis 

After conducting the physical experiments, the same samples in virtual manner have been tested using the finite 
element method (as captured in Fig. 7) in Ansys Workbench 2022 (Ansys Inc., USA).  

 

 
 First the samples have been subjected to the maximum loads resulting from physical experiments by recreating the 

conditions of the compressive tests. When creating the finite element (FE) models, the material constants were 
incorporated, including a Young's modulus of 1703 MPa, a Poisson's ratio of 0.3, and a tensile strength derived from 
experimental testing, amounting to 28.75 MPa. Only geometrical nonlinearities have been considered in the 
simulation. Subsequently, all FE models were subjected to a uniform load of 150 N, a choice made to ensure elastic 
behavior and avoidance of the contact interactions between the spiral arms. The focus of the finite element analysis 
(FEM) was restricted to computing initial stiffness of the metamaterial, including only a liner elastic material model. 

The results deviation between the experimental test and FEM was around 3%. Considering that the observed 
deviation falls within the margin of 5%, signifying a close alignment in results, it can be inferred that the two methods 
mutually validate each other.  

 

   
Fig. 7. Samples subjected to compressive tests with FEM (right - M1X1, center - M3X1, left - M3X3) 

 

 

Fig. 8. Directional displacement on Y-axis inside M3X3 model. Fig. 9. Graph of the directional displacement on Y-axis 
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The finite element method offers the possibility to study in detail the structures and the research went further by 
retrieving the data of compressive extension inside the structures, which conducted to the second step. By collecting 
the data from inside each of the spiral’s nodes gave us an overview of the influence of each individual spiral arm on 
the displacement of these nodes  

If we compare the vertical reaction per column of a square pattern, the nodes tend to present a patterned 
displacement, that is illustrated in the graph (Fig. 9) attributed to the structure from Fig. 8. For a more comprehensive 
understanding of the displacement in nodes per each column, presented in Fig. 8, the row of 2D spirals indicates the 
numbering of columns from the structure. 

2.7. Digital Image Correlation Method (DIC)  

Due to the fact that in classical compression tests cannot determine the displacement of each node, was found 
digital image correlation as an appropriate method for data validation of FEM. This method offered the possibility to 
view in detail and measure the displacements generated by the applied loads inside the structures (Moreira, 2012). For 
Digital Image Correlation (DIC) method the software used was VEDDAC (Chemnitzer Werkstoffmechanik GmbH, 
Germany). This method relates to pixels movement from successive frames (Pan, 2011) and the software has the 
ability to recognize each new position of pixels, tracking their 2D displacements. 

During the compression testing of the metamaterial, have been caught scenes of each movement in the structures. 
The DIC testing starts with a digitized pattern of the undeformed sample, as a reference. On the reference scenes are 
selected a convenient set of pixels that will change their position when the load is applied (first picture – left from Fig. 
10-12).  

 
 

Fig. 10. DIC images corresponding to different loading steps of compressed sample M1X1 
 

 

Fig. 11. DIC sequence corresponding to different loading steps of compressed sample M3X1 
 

 

Fig. 12. DIC sequence of the test specimen subjected to a compressive load and unloading (M3X3) 
 
The reference image of the structure is followed by a set of frames (Fig. 10-12) that caught every movement of the 

 Author name / Structural Integrity Procedia 00 (2019) 000–000  7 

elements during experimental testing. The full-field in-plane displacements inside each sample have been obtained by 
quantitatively correlating the chosen set of points on each node, given by the group of pixels. The deformations have 
been identified by the software, in the next scenes, trough the displacement path of the pixels and reporting back the 
extent of deformation between each frame and the reference (Hursa, 2009), (Vanlanduit, 2009).  

The measured displacement of the pixels have been compared with the displacement of nodes from FEM 
simulations as shown in the Fig. 13.  

  

Fig. 13. Displacements vectors of specific points obtained by DIC Fig. 14. FEM results of a cell, highlighting the node’s displacement 

3. Results 

In Table 1, a comparison between the compressive experimental testing and numerical analysis for all three models 
subjected to a load of 150 N is presented. The choice of a consistent load across all models allows for a comprehensive 
overview of their stiffness characteristics. Consequently, we were able to understand the changes in stiffness given by 
an increase in the number of cells. As illustrated in the graph (Fig. 15) is clear that having a greater number of cells in 
both directions results in a substantial reduction in stiffness. For instance, in a square pattern, the stiffness decreases 
by approximately 60% when compared to a single cell with similar dimensions and subjected to an identical load. 

 

Table 1. The stiffness and strain comparison resulted from experimental testing and numerical analysis. 

 
Experimental Testing Numerical Analysis 

 Strain at a load of 150 N (ΔL/L) 
 

Stiffness Strain at a load of 150 N (ΔL/L) Stiffness 

Structure Type % (N/mm) % (N/mm) 

M1X1 4.28 60.762 4.55 75.37 

M1X1 3.24 46.374 4.4 49.18 

M3X3 4.39 31.132 2.6 29.41 

 

 
Fig. 15. Comparison of stiffness between the three structures  
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the data from inside each of the spiral’s nodes gave us an overview of the influence of each individual spiral arm on 
the displacement of these nodes  

If we compare the vertical reaction per column of a square pattern, the nodes tend to present a patterned 
displacement, that is illustrated in the graph (Fig. 9) attributed to the structure from Fig. 8. For a more comprehensive 
understanding of the displacement in nodes per each column, presented in Fig. 8, the row of 2D spirals indicates the 
numbering of columns from the structure. 

2.7. Digital Image Correlation Method (DIC)  

Due to the fact that in classical compression tests cannot determine the displacement of each node, was found 
digital image correlation as an appropriate method for data validation of FEM. This method offered the possibility to 
view in detail and measure the displacements generated by the applied loads inside the structures (Moreira, 2012). For 
Digital Image Correlation (DIC) method the software used was VEDDAC (Chemnitzer Werkstoffmechanik GmbH, 
Germany). This method relates to pixels movement from successive frames (Pan, 2011) and the software has the 
ability to recognize each new position of pixels, tracking their 2D displacements. 

During the compression testing of the metamaterial, have been caught scenes of each movement in the structures. 
The DIC testing starts with a digitized pattern of the undeformed sample, as a reference. On the reference scenes are 
selected a convenient set of pixels that will change their position when the load is applied (first picture – left from Fig. 
10-12).  

 
 

Fig. 10. DIC images corresponding to different loading steps of compressed sample M1X1 
 

 

Fig. 11. DIC sequence corresponding to different loading steps of compressed sample M3X1 
 

 

Fig. 12. DIC sequence of the test specimen subjected to a compressive load and unloading (M3X3) 
 
The reference image of the structure is followed by a set of frames (Fig. 10-12) that caught every movement of the 
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elements during experimental testing. The full-field in-plane displacements inside each sample have been obtained by 
quantitatively correlating the chosen set of points on each node, given by the group of pixels. The deformations have 
been identified by the software, in the next scenes, trough the displacement path of the pixels and reporting back the 
extent of deformation between each frame and the reference (Hursa, 2009), (Vanlanduit, 2009).  

The measured displacement of the pixels have been compared with the displacement of nodes from FEM 
simulations as shown in the Fig. 13.  

  

Fig. 13. Displacements vectors of specific points obtained by DIC Fig. 14. FEM results of a cell, highlighting the node’s displacement 

3. Results 

In Table 1, a comparison between the compressive experimental testing and numerical analysis for all three models 
subjected to a load of 150 N is presented. The choice of a consistent load across all models allows for a comprehensive 
overview of their stiffness characteristics. Consequently, we were able to understand the changes in stiffness given by 
an increase in the number of cells. As illustrated in the graph (Fig. 15) is clear that having a greater number of cells in 
both directions results in a substantial reduction in stiffness. For instance, in a square pattern, the stiffness decreases 
by approximately 60% when compared to a single cell with similar dimensions and subjected to an identical load. 

 

Table 1. The stiffness and strain comparison resulted from experimental testing and numerical analysis. 

 
Experimental Testing Numerical Analysis 

 Strain at a load of 150 N (ΔL/L) 
 

Stiffness Strain at a load of 150 N (ΔL/L) Stiffness 

Structure Type % (N/mm) % (N/mm) 

M1X1 4.28 60.762 4.55 75.37 

M1X1 3.24 46.374 4.4 49.18 

M3X3 4.39 31.132 2.6 29.41 

 

 
Fig. 15. Comparison of stiffness between the three structures  
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In the following tables (Table 2, 3 and 4) are captured all the data obtain through two of the selected methods. 

Digital Image Correlation (DIC) and numerical analysis have provided information about the displacements that 
occurred at each node, organized by rows (denoted by first digit) and columns (denoted by second digit). From the 
experimental testing can be exposed only the direct displacement of the entire structure. The experimental tests 
primarily established the baseline for the displacement all over the structures and served as a reference in comparison 
with the other methods.  

For Sample M1X1 through experimental testing has been obtained a maximum displacement of 5.23 mm, which 
closely aligns with the values generated through DIC (5.249 mm) and numerical analysis (5.12 mm). The same trend 
is observed for sample M3X1, where the direct displacement obtained through conventional compression testing is 
6.13 mm, and for sample M3X3 the amount of 10.98 mm. 

The comparison purpose is to demonstrate that the discrepancies in the data obtained are minimal, under 5% for 
the majority of the data points. This validates the results obtained through all three methods as complementary and 
consistent with each other. 

 

Table 2. The results comparison of vertical displacements obtained through numerical analysis and experimental testing for samples M1X1 

Sample Model M1X1 

Points/Rows 1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4 

DIC [mm] 5.249 4.296 3.248 1.251 4.359 3.2 1.494 0.25 

Numerical Analysis [mm] 5.12 4.65 3.23 1.34 5.12 3.85 1.94 0.51 

 

Table 3. The results comparison of vertical displacements obtained through numerical analysis and experimental testing for samples M3X1 

Sample Model M3X1 

Points/Rows 1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 2.5 

DIC [mm] 5.07 4.1 2.4 1.45 0.33 5.07 4.88 3.8 2.9 0.9 

Numerical Analysis [mm] 6.03 5.74 4.38 3.130 1.13 6.03 4.83 2.83 1.60 0.28 

 

 

Table 4. The results comparison of vertical displacements obtained through numerical analysis and experimental testing for samples M3X3 

Sample Model M3X3 

Points/Rows 1.1 1.2 1.3 1.4 1.5 2.1 2.2 2.3 2.4 2.5 

DIC [mm] 10 9.8 7.5 3.2 0.85 10 9.8 7.1 3.3 0.9 

Numerical Analysis [mm] 10.729 10.24 7.96 4.92 1.03 10.73 10.07 7.15 3.99 0.66 

Points/Rows 3.1 3.2 3.3 3.4 3.5 4.1 4.2 4.3 4.4 4.5 

DIC [mm] 10 9.9 7 2.3 1.6 10 10 6 1.9 0.68 

Numerical Analysis [mm] 10.73 10.08 6.75 3.57 0.65 10.73 9.70 5.81 2.76 0.49 
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4. Conclusions 

For all the samples subjected to compressive loads each of the three evaluation methods provide highly congruent 
results. It can be concluded that these methods can be used together to validate the testing results, as the deviations 
among them remain consistently below 5% 

The two different experimental methods used in this case, direct load-displacement measurement and full-field 2D 
digital image correlation may serve as complementary tools. This proves particularly valuable assessing the behavior 
of internal points within a structure,  a task that may be otherwise challenging to accomplish using alternative 
instrumentation. 

The tested samples have demonstrated that an increasing in the number of cells, weather it occurs in the rows or 
columns, results in a significant enhancement of the structure’s elasticity and a corresponding reduction of its stiffness. 
It has been validated that the most significant increase is achieved by incorporating symmetrical layers of spiral 
patterns. 

As future perspectives will be developed a mathematical model for this type of structure, with the focus on 
identifying the potential applications for these metamaterials. It is likely that applications will gravitate towards 
domains that require high elasticity and instant shape recovery. Evaluation of these structures will imply 
implementation in the numerical models of both geometrical and material nonlinearities and contact between members 
of quilling-inspired metamaterials. Considering the observed behavior and properties of this metamaterial, exhibits the 
potential to function as a substitute for conventional spring mechanisms and can also find application in impact-
absorbing panels and protective plates.  
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1. Introduction 

Manufactured parts by fused deposition molding encounter several uncertainties regarding their mechanical 
proprieties, in fact due mainly to the formation of voids in the structure and inefficient bonding of layers. These 
aspects increase the damage probabilities in polymeric structures, the mechanical proprieties of the part being one of 
main disadvantages of this technology (Singh et al., 2020, Lalegani Dezaki et al. 2021). The most relevant factors 
that influence the mechanical characteristics of polymeric printed materials by FDM technology are related to the 
manufacturing parameters (infill rate, infill pattern, raster orientation, number of shells, layer height, speed while 
travelling, speed while extruding), the position of the element in relation to the printing platform, properties of the 
filament and other design characteristics of the 3D printer. In the literature there are several studies presenting the 
influence of printing parameters, such as infill ratio, infill pattern, layer thickness, layer height and other printer 
settings on the mechanical behavior of parts made by FDM technology (Bakır et al. 2021, Khan et al., 2021, 
Popescu et al. 2018, Dudescu and Racz 2017, Sajjad et al., 2023, Lalegani Dezaki et al. 2020).  

The accurate estimation of bonding between the filaments within a layer (termed "intra-layer bonding") and 
bonds formed between the filaments of the two succeeding layers (termed "inter-layer bonding") is essential to a 
reliable material model and strength evaluation of the parts made by FDM. The mechanical properties of such 
components are significantly influenced by the bonding quality between the filaments (Gurrala, et al. 2014, Sun et 
al. 2008). Theoretical calculations of the ultimate strength and E-modulus of printed structures typically need meso-
structure information and void density analyses. Additionally, the mechanical behavior of the FDM prototypes can 
be predicted using finite element analysis (Garg et al., 2017, Górski et al. 2015, Paul 2021). An FE model to 
evaluate inter-layer and intra-layer necking of the filaments during the diffusion of the raster layers throughout the 
printing process is presented by A. Garg et al. 2017. Another method proposed by Racz and Dudescu (2022) 
modelled the single filaments by a script using the G-code of the 3D printer. The connection between the filaments 
is established based on experimental analysis of the cross-sectional geometry of a printed tensile specimen and 
allows the estimation of the flattening effects of the filaments. The technique enables quantification of the E-
modulus of a printed tensile specimen with varying deposition densities (infill rate) as well as numerical estimation 
of the real cross-sectional area of a specimen and correction of the experimental stress-strain curves. 

The current study describes an experimental-numerical approach for simulating FDM 3D printed tensile 
specimens. To create the numerical model based on single filaments deposition, the approach relies on the 3D 
printer's original g-code. The bonding between the filaments is experimentally estimated by image analysis of the 
specimen’s cross section and allows the evaluation of the flattening effect that occurs during the deposition process. 
To evaluate the mechanical properties of the 3D printed material, uniaxial tensile tests are performed. When the 
material/airgap ratio is ignored the stress calculation can be easily done using the exterior dimensions of the tensile 
specimen. The presence of voids and the flattening effect of the filaments will generate a slightly different cross-
sectional area and will influence the engineering stress value computed after the tensile test. The presented 
methodology ensures a much accurate estimation of the real cross-section, tensile strength, and E-modulus of the 
investigated printed samples when the infill pattern inside it is changing. The current study analyses six different 
patterns which are mainly implemented in the printer’s software.   

 
 

2. Materials and methods 

To determine the real cross-sectional area of the specimens with different infill rates, a numerical method has 
been employed (Racz, 2022, Garg et al., 2017). To create a realistic 3D model of the specimens, g-codes of the 
printed parts were used to build up the geometrical model. Based on the G-code, which was used for printing the 
specimens, a geometrical model was constructed in ANSA 17.1.2 (BetaCae, Greece). The virtual (CAD) tensile 
specimen (according to ISO 527-2-2012) was constructed in ANSA according to the process described above for six 
cases with the following infill patterns: grid 0°-90° and ±45°, triangular 60°, fast honeycomb, full honeycomb, and 
wiggle (Fig. 1). All models correspond to 100 % infill rate, so theoretical have full density. 
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Fig. 1. Investigated infill patterns. 

 
Test specimens made of acrylonitrile butadiene styrene ABS (Plasty Mladeč, Czech Republic) were manufactured 

horizontally on the build-plate of the 3D printer (Wanhao Duplicator I3) controlled by Simplify 3D software. 
Directions 0° and 90° are considered along and perpendicular to the longitudinal symmetry axis of the specimen, all 
layers of a specimen were built in the x-y plane (x, y and z axes defined according to ISO/ASTM 52900:2015). The 
specimens were manufactured by first building a parametric wall, called shell, that is created by the printer to reach 
the required dimensional precision and to create the inner pattern.  

The meso-structure of the printed specimen’s cross section was analyzed under a microscope to establish the real 
shape and structural interaction of the fibers. The structure of the fibers in the cross-section from the numerical 
model was compared to the detailed pictures of the printed specimens. It can be noticed that the extruded filament is 
in a semi-molten state, and it would flatten slightly when deposited onto the previous layer as indicated in Fig. 2.a.  

 

  

Fig.2. Determination of the contact area between the filaments a) inter layer and intra layer necking, b) optical measurement. 

 
This flattening effect leads to the formation of a larger contact area between the filaments, known as intra and 

inter layer necking as presented in Fig. 2a. To determine the real size of the contact area between the layers, marked 
with lighter lines (Fig. 2b), microscopic pictures were analyzed with Digimizer software (MedCalc Software Ltd, 
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Belgium), where the length of the contact areas, both inter layer and intra layer necking was measured as presented 
in Figure 2.b. 

In the CAD model, considering the flattening effect, the shape of the filaments (ellipsoidal section) is adjusted 
with the overlapping necking areas, to adjust the perfect geometrical model to a more realistic model. To extract the 
cross-section area of the tensile specimens, the created geometry was meshed with Tetra 2nd order elements. Finite 
element analysis (Epilysis solver) that simulates a tensile test is conducted on the different numerical specimens 
corresponding to the 6 analyzed infill patterns. The same boundary conditions were applied to the FE model as for 
the real specimens during the tensile test. The selected material model considered in the simulation of individual 
filaments was isotropic elasticity model, the goal of the research being the evaluation of E-modulus change with the 
infill pattern. The simulations were run for a tensile force producing only elastic deformations.     

3. Results and discussions 

To validate the method, real life tensile tests are necessary, where the experimentally determined tensile strain 
will be compared to the result of numerical simulation. If they are comparable, the area of the cross-section is 
correctly established and can be used for further computations. Uniaxial tensile tests on standard ISO 527-2-2012 
specimens (type 1A, featuring a gauge length of 75 mm with a 4 mm thickness) with different infill patterns were 
carried out on a universal testing machine type INSTRON 3366, 10 kN capacity at a loading speed of 1 mm/min, a 
uniaxial extensometer being used to measure the tensile strain. The results are summarized in Table 1 where the 
experimentally measured strain is compared to the results of the FE simulations, the results were selected from the 
elastic domain of the stress-strain curve.  

 

Table 1. Strain values obtained by numerical simulations vs experimentally determined. 

Specimen’s infill 
pattern 

Strain EXP  

(mm/mm) 

Strain FEA  

(mm/mm) 

Relative Dev. FEA-EXP  

(%) 

Grid 0-90 0.00259 0.00277 6.95 

Grid +45-45 0.00267 0.00269 0.75 

Fast Honeycomb 0.00279 0.00285 2.15 

Full Honeycomb 0.00333 0.00351 5.40 

Triangular 60° 0.00274 0.00294 7.2 

Wiggle 0.00223 0.00205 8 

 
The results showed a range of minimum 0.75% and maximum 8 % difference, fact that validate the proposed 

methodology for simulation of 3D printed specimens. In Fig. 3 the cross-section of the tensile specimens is 
presented for grid 0°-90° and ±45°, triangular 60°, fast honeycomb, full honeycomb and wiggle infill patterns.  

 

a) b) 
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c) d) 

e) f) 

Fig. 3. Cross-section of the tensile specimens for infill pattern: a) grid 0°-90° b) grid ±45°, c) fast honeycomb, d) full honeycomb, e) triangular 
60° and f) wiggle 

It can be observed that presence of voids in the cross-section is reduced for grid ±45°, full honeycomb and wiggle 
infill patterns in comparison with grid 0-90°, fast honeycomb and triangular 60°, fact that will influence the stress-
strain curves accuracy of the specimens. The shell of the parts is the same, independent of the selected infill pattern. 
The numerically calculated cross sectional area is presented in Table 2, with that mention that a full cross section 
has 40mm2. In all the six analyzed infill patterns, the extraction position of the cross section was done in the same 
place for all specimens. 

Table 2. Numerically calculated cross-sectional area of the tensile specimens 

Specimen’s infill pattern Calculated cross-sectional area (mm2) 

Grid 0°-90° 28.75 

Grid +45°-45° 33.65 

Fast Honeycomb 31.75 

Full Honeycomb 36.45 

Triangular 60° 29.43 

Wiggle 37.15 

 
The cross-section extracted from the geometric model was reintroduced into the testing machine software and the 

stress results were recalculated according to the new value. Comparative strain-stress curves for all analyzed infill 
patterns are depicted in Fig. 4. The experimental curves (denoted EXP) are based on a constant cross-sectional area 
of 40 mm2 given by the outside dimensions of the specimens and those denoted FEA consider the real cross-
sectional area presented in Table 2 for each infill pattern. It can be observed that even for a 100% infill rate, there 
are significant differences between infill patterns, the calculation based on full cross-section will not deliver a result 
within an expectable error range for some patterns like grid 0-90°, fast honeycomb and triangular 60°, the 
differences in terms of ultimate tensile strength being 28.1%, 20,6% and 26.4% respectively. 
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Fig. 4. Comparative strain-stress curves for all analyzed infill patterns. 

Based on the adjusted stress-strain curves the value of the E-modulus for each infill pattern was recalculated, 
their values comparative with the initial ones based on full cross-section are presented in Table 3.  

Table 3. Values of E-modulus for different infill patterns 

Specimen’s infill pattern  E-modulus (MPa) Relative deviation 
(%) 

Calculated (numerical) Full cross-section 
Grid 0°-90° 2049.00 1523.7 25,4 

Grid +45-45° 1631.00 1545.2 5,3 

Fast Honeycomb 1892.04 1484.0 21,6 

Full Honeycomb 1272.20 1188.6 6,6 

Triangular 60° 2055.26 1502.8 26,88 % 

Wiggle 1877.49 1733.5 7,7 % 
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As expected, patterns like grid 0-90°, fast honeycomb and triangular 60° have a difference upon E-modulus when 
full cross-section is used of around 25%.  

In Fig. 5 are presented the comparative results in shape of bar graph of the tensile moduli for different infill 
patterns. The value of E modulus (denoted E_Fcs) represents the measured tensile modulus of the specimen utilizing 
the full cross-section (Fcs) of the sample and the other one is the E modulus (denoted E_Calc) based on corrected 
cross-sectional area. It can be concluded that utilizing the full cross-section of the 3D printed specimens, even for a 
100% infill rate, will not deliver for the E-modulus and ultimate tensile strength a result within a reasonable error 
range especially for patterns like grid 0-90°, fast honeycomb and triangular 60°.  

 

Fig. 5. Comparative results of the tensile moduli with and without adjusted cross-sectional area for different infill patterns. 

4. Conclusion 

In this paper 3D printed tensile specimens with different infill patterns were analyzed to understand the effect of 
internal structure on the mechanical behavior. An original approach, based on the printer generated G-code, to create 
numerical models of the parts was presented, that assists finite element analysis and assessment of the air gap - 
material ratio problem. The tensile strain resulted from the simulation were compared to experimental result, which 
confirmed that the area of cross-section extracted from the geometric model is predicted with reliable accuracy. 
Establishing of the E moduli of different infill patterns implied adjustment of the experimentally determined strain-
stress curves with the numerical calculated cross-section of the specimens. The obtained E moduli for different infill 
patterns can be used for FE simulation where the microstructure no longer must be modeled because the E modulus 
also contains the correct airgap- material ratio.  

The findings presented in this paper allow the following overall conclusions to be drawn: 
• The proposed methodology on building a finite element model starting from the printer generated G-

code is a reliable method to evaluate the influence of inner structure given by the infill pattern upon 
mechanical behavior of the FDM printed parts. 

• Adjustments to represent the intra and inter layer necking are necessary for accurate results and must be 
done on real printed specimens.  

• Cross-sectional area of a tensile specimen extracted from the numerical mode is predicted with good 
accuracy and allows estimation of strain-stress curves and E-moduli closer to reality. 

• Patterns like grid ±45°, full honeycomb and wiggle have a higher material to airgap ratio and proved 
reasonable results in terms of tensile strength and E-modulus comparative with those obtained using full 
material assumptions, so it would be recommended to be used for parts undergoing mechanical loads. 

• Patterns like grid 0-90°, fast honeycomb and triangular 60° have difference in terms of ultimate tensile 
strength and E-modulus when full cross-section more than 20%, which cannot be neglected in case of 
parts under mechanical loading. 
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Abstract 

The scope of this study is to investigate the mixed mode fracture of components manufactured from photo-polymerized resin using 
the Digital Light Processing (DLP) additive manufacturing technology. 
The mixed mode tests were performed on Semi Circular Bend (SCB) specimens loaded under symmetric Mode I, asymmetric 
mixed mode and mode II loading, respectively. The specimens manufactured via DLP have a crack introduced during the 
manufacturing process. Tests were performed at room temperature using a universal testing machine with three point bending grips 
at a constant loading speed. Four tests were carried on for each supports position.  
The experimental results expressed as 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  versus 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  are plotted by adopting four fracture criteria, namely the Maximum 
Tensile Stress (MTS), the Strain Energy Density (SED), the Maximum Energy Release Rate (𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚   ), and the Equivalent Stress 
Intensity Factor (ESIF). Most of the experimental results fall in the range of fracture envelope curves. 
 
Keywords: Semi Circular Bend specimens; fracture toughness; mixed mode 

1. Introduction 

Additive Manufacturing (AM) technologies start to be developed at the end of 20th Century and have had a great 
impact on the fabrication directly from a 3D model of objects with complex geometries, Wong and Hernandez (2012). 

Digital Light Processing (DLP) is a 3D printing technology used to quickly manufacture polymeric components by 
photo-polymerization. It belongs to the family of additive manufacturing technologies known as vat photo-
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polymerization. They use a light source (laser beam or projector) to cure a liquid resin into a hardened plastic solid. 
Brighenti et al. (2021) presented a comprehensive review on processes and mechanical models on laser-based 
additively manufacturing of polymeric materials, while the influence of the manufacturing parameters on the obtained 
mechanical properties of additively manufactured photo-polymerized polymers is shown in Brighenti et al. (2022). 
The exposure time and the layer thickness have been considered as the main fabrication parameters to be used as 
design variables for controlling the mechanical characteristics of the obtained AM components. It has been shown that 
the exposure time represents the main parameter affecting the mechanical properties on tensile strength, while the 
influence of the layer thickness appeared to be less important. 

The influence of the printing angle and load direction on flexure strength of two commercial resins obtained through 
Stereolithography (SLA) used for dental restorations is presented in Derban et al. (2000). The results show that the 
smallest flexural properties were obtained when the printing angle equals 45º. On the other hand, higher values of the 
flexural modulus and flexure strength were obtained when the applied load is parallel to the AM growing direction.  

So far, a limited number of studies on the fracture toughness of vat photo-polymerization components is avaiable.  
Brighenti et al (2023) presented a study of the influence of curing and printing angle on the fracture toughness of DPL 
specimens. Single Notched Bend specimens loaded in three point bending were tested. Three printing angles (00, 45 
and 900), and three curing treatments were considered: 1) 5 minutes maintained in Isopropyl Alcohol (IPA) and then 
cured for 5 minutes; 2) cleaned in hot water (60 -70 ºC) and 30 minutes ultrasonic curing; 3) cleaned for 5 minutes 
maintained in IPA and 30 minutes ultrasonic curing. The highest fracture toughness was obtained for 00 printing angle 
and 5 minutes maintained in Isopropyl Alcohol (IPA) and then cured for 5 minutes. For all the tested specimens, for 
which a plain strain condition was fulfilled, a brittle fracture was observed. 

The present study investigates the mixed mode fracture of DLP manufactured specimens and compares this 
response with classical fracture criteria. The Semi Circular Bend (SCB) specimen loaded asymmetric was adopted for 
mixed mode loading. Previous studies on different materials showed that this specimen could produce different ranges 
of mixed modes, ranging from pure mode I to pure mode II only by changing the position of one support, Marsavina 
et al. (2023), Ayatollahi et al. (2011).  

 
 

Nomenclature 

𝑎𝑎𝑎𝑎 crack length 
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼  mode I stress intensity factor 
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 mode II stress intensity factor 
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  fracture toughness 
𝑅𝑅𝑅𝑅 specimen radius 
𝑆𝑆𝑆𝑆1, 𝑆𝑆𝑆𝑆2 spans  
𝑡𝑡𝑡𝑡  specimen thickness 
𝜃𝜃𝜃𝜃𝑐𝑐𝑐𝑐 crack initiation angle 

 

2. Experimental tests 

Mixed mode fracture tests were performed using Semi-Circular Bend (SCB) specimens loaded asymmetric, Fig. 1. 
The specimens were printed using a 3D LCD printer (Anycubic Photon), based on DLP technology. The SCB 

specimens were manufactured using an UV-sensitive resin “translucent green” (curing UV light wavelength 405 nm) 
with the following parameters: light exposure time 20 s for each layer, layer thickness 0.05 mm, and printing 
orientation 0º. Post printing process consisted in 5 minutes in Isopropyl Alcohol (IPA) and then cured for 5 minutes 
in Anycubic wash and post-cure machine 2.0. These manufacturing parameters were the optimal ones for obtaining 
the highest fracture toughness in our previous studies, Brighenti et al. (2023). 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2024.02.033&domain=pdf


 Mihai Marghitas  et al. / Procedia Structural Integrity 56 (2024) 26–32 27

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2023) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the SIRAMM23 organizers  

Structural Integrity and Reliability of Advanced Materials obtained through Additive 
Manufacturing (SIRAMM23) 

On the mixed mode fracture of DLP manufactured SCB specimens 
Mihai Marghitasa, Liviu Marsavinaa*, Cosmin-Florin Popaa, Roberto Brighentib 

aDepartment of M echanics and Strength of Materials, Politehnica University of Timisoara, 1st Mihai Viteazu Bd., Timisoara, 300222, Romania 
bDepartment Department of Engineering and Architecture, University of Parma, Parco Area delle Scienze 181/A, 43124 Parma, Italy 

  

Abstract 

The scope of this study is to investigate the mixed mode fracture of components manufactured from photo-polymerized resin using 
the Digital Light Processing (DLP) additive manufacturing technology. 
The mixed mode tests were performed on Semi Circular Bend (SCB) specimens loaded under symmetric Mode I, asymmetric 
mixed mode and mode II loading, respectively. The specimens manufactured via DLP have a crack introduced during the 
manufacturing process. Tests were performed at room temperature using a universal testing machine with three point bending grips 
at a constant loading speed. Four tests were carried on for each supports position.  
The experimental results expressed as 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  versus 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  are plotted by adopting four fracture criteria, namely the Maximum 
Tensile Stress (MTS), the Strain Energy Density (SED), the Maximum Energy Release Rate (𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚   ), and the Equivalent Stress 
Intensity Factor (ESIF). Most of the experimental results fall in the range of fracture envelope curves. 
 
Keywords: Semi Circular Bend specimens; fracture toughness; mixed mode 

1. Introduction 

Additive Manufacturing (AM) technologies start to be developed at the end of 20th Century and have had a great 
impact on the fabrication directly from a 3D model of objects with complex geometries, Wong and Hernandez (2012). 

Digital Light Processing (DLP) is a 3D printing technology used to quickly manufacture polymeric components by 
photo-polymerization. It belongs to the family of additive manufacturing technologies known as vat photo-

 

 
* Corresponding author. Tel.: +40726397635. 

E-mail address: liviu.marsavina@upt.ro 

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2023) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the SIRAMM23 organizers  

Structural Integrity and Reliability of Advanced Materials obtained through Additive 
Manufacturing (SIRAMM23) 

On the mixed mode fracture of DLP manufactured SCB specimens 
Mihai Marghitasa, Liviu Marsavinaa*, Cosmin-Florin Popaa, Roberto Brighentib 

aDepartment of M echanics and Strength of Materials, Politehnica University of Timisoara, 1st Mihai Viteazu Bd., Timisoara, 300222, Romania 
bDepartment Department of Engineering and Architecture, University of Parma, Parco Area delle Scienze 181/A, 43124 Parma, Italy 

  

Abstract 

The scope of this study is to investigate the mixed mode fracture of components manufactured from photo-polymerized resin using 
the Digital Light Processing (DLP) additive manufacturing technology. 
The mixed mode tests were performed on Semi Circular Bend (SCB) specimens loaded under symmetric Mode I, asymmetric 
mixed mode and mode II loading, respectively. The specimens manufactured via DLP have a crack introduced during the 
manufacturing process. Tests were performed at room temperature using a universal testing machine with three point bending grips 
at a constant loading speed. Four tests were carried on for each supports position.  
The experimental results expressed as 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  versus 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  are plotted by adopting four fracture criteria, namely the Maximum 
Tensile Stress (MTS), the Strain Energy Density (SED), the Maximum Energy Release Rate (𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚   ), and the Equivalent Stress 
Intensity Factor (ESIF). Most of the experimental results fall in the range of fracture envelope curves. 
 
Keywords: Semi Circular Bend specimens; fracture toughness; mixed mode 

1. Introduction 

Additive Manufacturing (AM) technologies start to be developed at the end of 20th Century and have had a great 
impact on the fabrication directly from a 3D model of objects with complex geometries, Wong and Hernandez (2012). 

Digital Light Processing (DLP) is a 3D printing technology used to quickly manufacture polymeric components by 
photo-polymerization. It belongs to the family of additive manufacturing technologies known as vat photo-
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polymerization. They use a light source (laser beam or projector) to cure a liquid resin into a hardened plastic solid. 
Brighenti et al. (2021) presented a comprehensive review on processes and mechanical models on laser-based 
additively manufacturing of polymeric materials, while the influence of the manufacturing parameters on the obtained 
mechanical properties of additively manufactured photo-polymerized polymers is shown in Brighenti et al. (2022). 
The exposure time and the layer thickness have been considered as the main fabrication parameters to be used as 
design variables for controlling the mechanical characteristics of the obtained AM components. It has been shown that 
the exposure time represents the main parameter affecting the mechanical properties on tensile strength, while the 
influence of the layer thickness appeared to be less important. 

The influence of the printing angle and load direction on flexure strength of two commercial resins obtained through 
Stereolithography (SLA) used for dental restorations is presented in Derban et al. (2000). The results show that the 
smallest flexural properties were obtained when the printing angle equals 45º. On the other hand, higher values of the 
flexural modulus and flexure strength were obtained when the applied load is parallel to the AM growing direction.  

So far, a limited number of studies on the fracture toughness of vat photo-polymerization components is avaiable.  
Brighenti et al (2023) presented a study of the influence of curing and printing angle on the fracture toughness of DPL 
specimens. Single Notched Bend specimens loaded in three point bending were tested. Three printing angles (00, 45 
and 900), and three curing treatments were considered: 1) 5 minutes maintained in Isopropyl Alcohol (IPA) and then 
cured for 5 minutes; 2) cleaned in hot water (60 -70 ºC) and 30 minutes ultrasonic curing; 3) cleaned for 5 minutes 
maintained in IPA and 30 minutes ultrasonic curing. The highest fracture toughness was obtained for 00 printing angle 
and 5 minutes maintained in Isopropyl Alcohol (IPA) and then cured for 5 minutes. For all the tested specimens, for 
which a plain strain condition was fulfilled, a brittle fracture was observed. 

The present study investigates the mixed mode fracture of DLP manufactured specimens and compares this 
response with classical fracture criteria. The Semi Circular Bend (SCB) specimen loaded asymmetric was adopted for 
mixed mode loading. Previous studies on different materials showed that this specimen could produce different ranges 
of mixed modes, ranging from pure mode I to pure mode II only by changing the position of one support, Marsavina 
et al. (2023), Ayatollahi et al. (2011).  

 
 

Nomenclature 

𝑎𝑎𝑎𝑎 crack length 
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼  mode I stress intensity factor 
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 mode II stress intensity factor 
𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  fracture toughness 
𝑅𝑅𝑅𝑅 specimen radius 
𝑆𝑆𝑆𝑆1, 𝑆𝑆𝑆𝑆2 spans  
𝑡𝑡𝑡𝑡  specimen thickness 
𝜃𝜃𝜃𝜃𝑐𝑐𝑐𝑐 crack initiation angle 

 

2. Experimental tests 

Mixed mode fracture tests were performed using Semi-Circular Bend (SCB) specimens loaded asymmetric, Fig. 1. 
The specimens were printed using a 3D LCD printer (Anycubic Photon), based on DLP technology. The SCB 

specimens were manufactured using an UV-sensitive resin “translucent green” (curing UV light wavelength 405 nm) 
with the following parameters: light exposure time 20 s for each layer, layer thickness 0.05 mm, and printing 
orientation 0º. Post printing process consisted in 5 minutes in Isopropyl Alcohol (IPA) and then cured for 5 minutes 
in Anycubic wash and post-cure machine 2.0. These manufacturing parameters were the optimal ones for obtaining 
the highest fracture toughness in our previous studies, Brighenti et al. (2023). 
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Fig. 1. The Semi-Circular Bend (SCB) specimen.   Fig. 2 The SCB specimen in three-point bending grips. 

 
Mixed mode fracture tests were performed using Semi-Circular Bend (SCB) specimens loaded asymmetrically. 

The SCB specimens having radius R and thickness 𝑡𝑡𝑡𝑡 have an edge crack of length a oriented normal to the specimen 
edge, inserted during the printing process, Fig. 1. The specimens were loaded in a three point bend fixture, which was 
proved to give a wide range of mixed modes, Fig. 2, from pure mode I (𝑆𝑆𝑆𝑆1 = 𝑆𝑆𝑆𝑆2), mixed modes (𝑆𝑆𝑆𝑆1 ≠ 𝑆𝑆𝑆𝑆2) and to pure 
mode II, only by changing the position of one support, Lim et al. (1994), Ayatollahi et al (2011), Negru et al (2014). 
The specimen dimensions where: radius R =40 mm, thickness 𝑡𝑡𝑡𝑡 =3 - 6 mm, crack length 𝑎𝑎𝑎𝑎≈18 mm, and spans 𝑆𝑆𝑆𝑆1=30 
mm, respectively 𝑆𝑆𝑆𝑆2=30, 12, 8, 6, 4, 2.66 mm. The crack was introduced directly during the 3D printing process as a 
very sharp notch. 

The Stress Intensity Factors (SIFs) solutions for the SCB specimen loaded asymmetric were provided in Marsavina 
et al. (2014): 
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where, the non-dimensional SIFs, 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖  (𝑎𝑎𝑎𝑎/𝑅𝑅𝑅𝑅, 𝑆𝑆𝑆𝑆1/𝑅𝑅𝑅𝑅, 𝑆𝑆𝑆𝑆2/𝑅𝑅𝑅𝑅), were determined by finite element analysis using FRANC2D 
software, Marsavina et al. (2014): 
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Four tests were performed, for each combination of  𝑆𝑆𝑆𝑆1, 𝑆𝑆𝑆𝑆2 positions, on a Zwick/Roell 5 kN testing machine at 

room temperature with a loading rate of 2 mm/min. Brittle fracture was observed for all tests and mode mixities, Fig. 
3. The fracture load increases with decreasing the span S2 from 30 (pure Mode I) mm to 2.66 mm (pure Mode II), 
respectively with increasing the mode II. 
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3. Results and discussions 

Relations (1) and (2) were used to estimate the stress intensity factors 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼  and 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼. The obtained experimental results 
are shown in Table 1. The average value of symmetric loading was considered the mode I fracture toughness of the 
additive manufactured resin, 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  =1.012±0.057 MPa m0.5. 

Table 1. Experimental results  

Specimen 𝑅𝑅𝑅𝑅 
[mm] 

𝑡𝑡𝑡𝑡 
[mm] 

𝑎𝑎𝑎𝑎 
[mm] 

𝑆𝑆𝑆𝑆1 
[mm] 

𝑆𝑆𝑆𝑆2 
[mm] 

𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  
[N] 

𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼 
[MPa m0.5] 

𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  
[MPa m0.5] 

2.6-1 40.02 6.30 17.7 30 2.66 1160 0.000 0.904 
2.6-2 40.10 6.24 17.3 30 2.66 1070 0.000 0.831 
2.6-3 40.00 4.33 17.3 30 2.66 875 0.000 0.981 
2.6-4 39.92 3.91 17.5 30 2.66 739 0.000 0.924 
4.0-1 40.17 4.40 16.3 30 4 957 0.312 0.923 
4.0-2 40.03 5.30 17 30 4 1000 0.280 0.820 
4.0-3 40.00 5.89 16.5 30 4 1100 0.273 0.800 
4.0-4 40.10 4.35 17.6 30 4 803 0.277 0.815 
6.0-1 39.98 6.28 17.4 30 6 927 0.519 0.557 
6.0-2 40.02 6.30 16.3 30 6 903 0.486 0.523 
6.0-3 39.97 6.24 17.4 30 6 947 0.534 0.573 
6.0-4 40.10 6.35 17.7 30 6 817 0.453 0.489 
8.0-1 40.16 3.57 17.8 30 8 520 0.780 0.474 
8.0-2 40.09 5.22 17 30 8 839 0.844 0.511 
8.0-3 40.04 3.23 17.1 30 8 419 0.686 0.414 
8.0-4 40.06 3.76 17.5 30 8 469 0.666 0.403 
12.0-1 40.00 4.42 17.7 30 12 535 1.040 0.283 
12.0-2 40.06 2.96 17.5 30 12 335 0.965 0.263 
12.0-3 43.74 3.77 17.5 30 12 425 0.803 0.261 
12.0-4 40.10 6.33 17.7 30 12 715 0.966 0.264 
30-1 40.17 3.37 18 30 30 200 1.054 0.000 
30-2 40.00 4.32 18 30 30 224 0.927 0.000 
30-3 40.00 4.32 16.8 30 30 257 1.028 0.000 
30-4 40.12 3.40 17.3 30 30 203 1.041 0.000 

 
 
Generally, fracture criteria for mixed mode loadings provide: 
• a combination of the stress intensity factors (𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼  and 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) and fracture toughness (𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼), i.e.: 

( ) 0,, =ICIII KKKF  (3) 

• the crack initiation angle  𝜃𝜃𝜃𝜃𝑐𝑐𝑐𝑐. 
 
For comparison in the case of plane mixed mode fracture, four classical fracture criteria are considered, namely the 

Maximum circumferential Tensile Stress (MTS), the Minimum Strain Energy Density (SED), the Maximum energy 
release rate (𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚), and the Equivalent Stress Intensity Factor (ESIF); their mathematical formulation is provided in 
Table 2. 
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very sharp notch. 
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3. Results and discussions 

Relations (1) and (2) were used to estimate the stress intensity factors 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼  and 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼. The obtained experimental results 
are shown in Table 1. The average value of symmetric loading was considered the mode I fracture toughness of the 
additive manufactured resin, 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  =1.012±0.057 MPa m0.5. 

Table 1. Experimental results  

Specimen 𝑅𝑅𝑅𝑅 
[mm] 

𝑡𝑡𝑡𝑡 
[mm] 

𝑎𝑎𝑎𝑎 
[mm] 

𝑆𝑆𝑆𝑆1 
[mm] 

𝑆𝑆𝑆𝑆2 
[mm] 

𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  
[N] 

𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼 
[MPa m0.5] 

𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼  
[MPa m0.5] 

2.6-1 40.02 6.30 17.7 30 2.66 1160 0.000 0.904 
2.6-2 40.10 6.24 17.3 30 2.66 1070 0.000 0.831 
2.6-3 40.00 4.33 17.3 30 2.66 875 0.000 0.981 
2.6-4 39.92 3.91 17.5 30 2.66 739 0.000 0.924 
4.0-1 40.17 4.40 16.3 30 4 957 0.312 0.923 
4.0-2 40.03 5.30 17 30 4 1000 0.280 0.820 
4.0-3 40.00 5.89 16.5 30 4 1100 0.273 0.800 
4.0-4 40.10 4.35 17.6 30 4 803 0.277 0.815 
6.0-1 39.98 6.28 17.4 30 6 927 0.519 0.557 
6.0-2 40.02 6.30 16.3 30 6 903 0.486 0.523 
6.0-3 39.97 6.24 17.4 30 6 947 0.534 0.573 
6.0-4 40.10 6.35 17.7 30 6 817 0.453 0.489 
8.0-1 40.16 3.57 17.8 30 8 520 0.780 0.474 
8.0-2 40.09 5.22 17 30 8 839 0.844 0.511 
8.0-3 40.04 3.23 17.1 30 8 419 0.686 0.414 
8.0-4 40.06 3.76 17.5 30 8 469 0.666 0.403 
12.0-1 40.00 4.42 17.7 30 12 535 1.040 0.283 
12.0-2 40.06 2.96 17.5 30 12 335 0.965 0.263 
12.0-3 43.74 3.77 17.5 30 12 425 0.803 0.261 
12.0-4 40.10 6.33 17.7 30 12 715 0.966 0.264 
30-1 40.17 3.37 18 30 30 200 1.054 0.000 
30-2 40.00 4.32 18 30 30 224 0.927 0.000 
30-3 40.00 4.32 16.8 30 30 257 1.028 0.000 
30-4 40.12 3.40 17.3 30 30 203 1.041 0.000 

 
 
Generally, fracture criteria for mixed mode loadings provide: 
• a combination of the stress intensity factors (𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼  and 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) and fracture toughness (𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼), i.e.: 
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• the crack initiation angle  𝜃𝜃𝜃𝜃𝑐𝑐𝑐𝑐. 
 
For comparison in the case of plane mixed mode fracture, four classical fracture criteria are considered, namely the 

Maximum circumferential Tensile Stress (MTS), the Minimum Strain Energy Density (SED), the Maximum energy 
release rate (𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚), and the Equivalent Stress Intensity Factor (ESIF); their mathematical formulation is provided in 
Table 2. 
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Fig. 3. Load – displacement curves for mixed mode loading. 

Fig. 4 shows one cracked specimen for each of the tested modes. It could be observed a curvilinear crack trajectory 
for mixed mode and pure mode II loading. The crack initiation angle 𝜃𝜃𝜃𝜃𝑐𝑐𝑐𝑐 is increasing with increasing the mode II. 

Fig. 4. Fractured specimens: a) S1=S2=30 mm; b) S1 =30 mm, S2=12 mm; c) S1 =30 mm, S2=8 mm; 
d) S1 =30 mm, S2=6 mm; e) S1 =30 mm, S2=6 mm; f) S1 =30 mm, S2=2.66 mm; 
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The experimental results expressed in terms of  𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 / 𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰  versus 𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰 / 𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰  for the different fracture criteria 
reported in Table 2 are plotted in Fig. 5. It could be observed that the SED, MTS and ESIF criteria are in good 
agreement with the experimental results. 

Table 2. Mixed mode fracture criteria 
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Fig. 5. The fracture criteria and experimental results. 

4. Conclusions 

 The following conclusions of this study could be drawn: 
• The semi-circular bend specimen loaded asymmetric was adopted to investigate mixed mode fracture of DLP 

additive manufactured specimens made of translucent green photo-polymerization resin. The advantages of this 
specimen are the simple geometry, the use of classic bending fixtures for loading the specimens and the ability to 
produce full range of mixed modes, from pure mode I to pure mode II, only by changing the position of one 
support. 
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The experimental results expressed in terms of  𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 / 𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰  versus 𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰 / 𝑲𝑲𝑲𝑲𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰  for the different fracture criteria 
reported in Table 2 are plotted in Fig. 5. It could be observed that the SED, MTS and ESIF criteria are in good 
agreement with the experimental results. 
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Fig. 5. The fracture criteria and experimental results. 

4. Conclusions 

 The following conclusions of this study could be drawn: 
• The semi-circular bend specimen loaded asymmetric was adopted to investigate mixed mode fracture of DLP 

additive manufactured specimens made of translucent green photo-polymerization resin. The advantages of this 
specimen are the simple geometry, the use of classic bending fixtures for loading the specimens and the ability to 
produce full range of mixed modes, from pure mode I to pure mode II, only by changing the position of one 
support. 
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• The obtained average value of the mode I fracture toughness is 1.021 MPa m0.5 and is in agreement with those 
obtained on Single Edge Notched Bend specimens for different curing process 0.64 – 1.31 MPa m0.5, Brighenti et 
al. (2023).  The mode II fracture toughness has an average value of 0.895 MPa m0.5. 

• The four classical fracture criteria were assessed to characterize the failure of mixed mode loaded DLP resins. The 
experimental results proof that the SED, MTS and ESIF are the most suitable, Fig. 5. With the mention that the 
ESIF is the only criteria criterion which takes into account the ratio between mode I and mode II fracture toughness, 
𝛼𝛼𝛼𝛼 = 𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼/𝐾𝐾𝐾𝐾𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼.  
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1. Introduction 

Metal additive manufacturing is the process of creating three-dimensional objects from metal by applying 
successive layers of material. It enables the production of complex geometries and structures that would be difficult 
or impossible to achieve using traditional manufacturing methods. Among other applications. the technology is widely 
used in the aerospace. medical and automotive industries. 

During recent years. additive manufacturing has become a promising technique for creating cellular structures with 
customized geometries and properties. Using 3D printing technology. complex internal architectures can be created 
that cannot be achieved by traditional manufacturing methods. Such cellular structures have potential applications in 
various fields. such as biomedical engineering. aerospace and energy storage (Al-Ketan, Rowshan, and Abu Al-Rub 
2018; Maconachie et al. 2019; Zadpoor 2019). 

However. there is still no clear consensus on the minimum number of cells at which the structure exhibits a constant 
effective Young's modulus. This is especially important for experimental studies. The optimal number of cells depends 
on the specific application and the material used. Other key parameters are the relative density. i.e. the degree of filling 
with the material. and the topology of the unit cell (Cantaboni et al. 2022; Mehboob et al. 2018; Mines 2019; Yan et 
al. 2021). 

Cellular structures can be simulated using three basic methods: solid-based analysis. homogenization and beam-
based analysis. In solid-based analysis. a cellular structure is modeled as a solid object. and its mechanical behavior 
is analyzed using finite element analysis. Such an approach allows a detailed understanding of the mechanical 
properties of a lattice structure. including its deformation. stresses and strains. However. it can be computationally 
expensive and time-consuming. especially for complex structures. Beam-based analysis is a simplified method for 
analyzing cellular structures that treats the structure as a collection of interconnected beams. This simplifies the 
geometry of the structure and reduces computational time significantly. Numerical homogenization is a method of 
analyzing the effective mechanical behavior of cellular structures by considering them as homogeneous materials. 
This method simplifies the complexity of the lattice structure and allows for faster simulations and simpler analysis. 
The homogenization technique involves determining the mechanical properties of a lattice structure using an effective 
material model. This model captures the overall mechanical behavior of the structure. including its stiffness and 
strength. However. the accuracy of numerical homogenization can be improved by using a model obtained by CT 
scanning (Cantaboni et al. 2022; Chatzigeorgiou et al. 2022; Doroszko, Falkowska, and Seweryn 2021; Jiang et al. 
2021; Mehboob et al. 2018; Yan et al. 2021) .  

The purpose of this study was to determine an algorithm that would allow the determination of the minimum 
number of individual cells at which the cell structure exhibits a constant effective Young's modulus. In addition. a 
homogenization method was optimized for cell structures (Al-Ketan et al. 2020) . 

2. Methods  

2.1. Design and production of the cellular structures 

Cellular structures were designed using nTopology software. which is specifically tailored to create advanced 
geometries. The implicit modeling method allows the generation of more complex shapes. and the available design 
methodology makes it possible to control different variants of the design using formulas. tests. simulations and other 
data. The detailed design process is presented in (Moj et al. 2022). In Figure 1. the tested specimens are presented. It 
was determined to print samples with a variety of single cell topologies. changing both the size of a single cell and the 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2024.02.046&domain=pdf
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1. Introduction 

Metal additive manufacturing is the process of creating three-dimensional objects from metal by applying 
successive layers of material. It enables the production of complex geometries and structures that would be difficult 
or impossible to achieve using traditional manufacturing methods. Among other applications. the technology is widely 
used in the aerospace. medical and automotive industries. 

During recent years. additive manufacturing has become a promising technique for creating cellular structures with 
customized geometries and properties. Using 3D printing technology. complex internal architectures can be created 
that cannot be achieved by traditional manufacturing methods. Such cellular structures have potential applications in 
various fields. such as biomedical engineering. aerospace and energy storage (Al-Ketan, Rowshan, and Abu Al-Rub 
2018; Maconachie et al. 2019; Zadpoor 2019). 

However. there is still no clear consensus on the minimum number of cells at which the structure exhibits a constant 
effective Young's modulus. This is especially important for experimental studies. The optimal number of cells depends 
on the specific application and the material used. Other key parameters are the relative density. i.e. the degree of filling 
with the material. and the topology of the unit cell (Cantaboni et al. 2022; Mehboob et al. 2018; Mines 2019; Yan et 
al. 2021). 

Cellular structures can be simulated using three basic methods: solid-based analysis. homogenization and beam-
based analysis. In solid-based analysis. a cellular structure is modeled as a solid object. and its mechanical behavior 
is analyzed using finite element analysis. Such an approach allows a detailed understanding of the mechanical 
properties of a lattice structure. including its deformation. stresses and strains. However. it can be computationally 
expensive and time-consuming. especially for complex structures. Beam-based analysis is a simplified method for 
analyzing cellular structures that treats the structure as a collection of interconnected beams. This simplifies the 
geometry of the structure and reduces computational time significantly. Numerical homogenization is a method of 
analyzing the effective mechanical behavior of cellular structures by considering them as homogeneous materials. 
This method simplifies the complexity of the lattice structure and allows for faster simulations and simpler analysis. 
The homogenization technique involves determining the mechanical properties of a lattice structure using an effective 
material model. This model captures the overall mechanical behavior of the structure. including its stiffness and 
strength. However. the accuracy of numerical homogenization can be improved by using a model obtained by CT 
scanning (Cantaboni et al. 2022; Chatzigeorgiou et al. 2022; Doroszko, Falkowska, and Seweryn 2021; Jiang et al. 
2021; Mehboob et al. 2018; Yan et al. 2021) .  

The purpose of this study was to determine an algorithm that would allow the determination of the minimum 
number of individual cells at which the cell structure exhibits a constant effective Young's modulus. In addition. a 
homogenization method was optimized for cell structures (Al-Ketan et al. 2020) . 

2. Methods  

2.1. Design and production of the cellular structures 

Cellular structures were designed using nTopology software. which is specifically tailored to create advanced 
geometries. The implicit modeling method allows the generation of more complex shapes. and the available design 
methodology makes it possible to control different variants of the design using formulas. tests. simulations and other 
data. The detailed design process is presented in (Moj et al. 2022). In Figure 1. the tested specimens are presented. It 
was determined to print samples with a variety of single cell topologies. changing both the size of a single cell and the 
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relative density. All the parameters of the structures are shown in Table 1. With the help of such selected parameters 
of the cell structure. a wide range of properties can be estimated without printing every set with the given parameters. 

Fig. 1. Printed cellular structures using Selective Laser Melting. 

Table 1. Overview of the investigated cellular structures with their parameters. 

No. Single cell topology Size of a single cell (mm) Designed relative density (%) Specimen dimensions (mm) 

1 

Body Centered Cubic 
2 25 10x10 

2 50 
3 3 

25 
15x15 

4 50 

5 

Diamond 
2 25 6x6 

6 50 
7 3 

25 
9x9 

8 50 

9 

Fluorite 
2 25 8x8 

10 50 
11 3 

25 
12x12 

12 50 

13 

Kelvin 
2 25 8x8 

14 50 6x6 

15 3 
25 12x12 

16 50 9x9 
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2.2. Effect of the unit cell number on the mechanical properties of the structures 

Finite element models of cellular structures were designed using nTopology software. and simulations were 
performed using commercial ANSYS software. To evaluate the effect of the number of cells on mechanical 

Fig. 2. Numerical analysis of cellular structures - study of the effect of the number of cells on strength properties. 
 

properties. different models were developed. beginning with a cell structure consisting of one cell and ending with a 
structure containing twelve cells in one direction in space. The purpose of this analysis was to determine the number 
of cells at which the cell structure exhibits a stable effective Young's modulus. In defining effective values. it is 
assumed that the material is homogeneous and constant. A cellular structure composed of a sufficient number of unit 
cells is treated as a homogeneous material. and voids in the form of pores are not taken into account in determining 
the cross-sectional area required for calculating effective stresses. Effective strains are estimated from equation (1). 
which takes into account the difference between the measured length after deformation and the initial measured length. 
Effective stresses. on the other hand. are calculated from equation (2). accounting for the applied force and the initial 
cross-sectional area of the specimen. 

𝜀𝜀��� � ��
��                                                                            (1) 

𝜎𝜎��� � �
��                                                                            (2) 

The simulation included a uniaxial compression test. In general. two analysis concepts can be used. The first is to 
apply boundary conditions directly to the model. while the second requires creating two rigid plates to simulate contact 
between the testing machine and the specimen. Due to the significantly increased calculation time. the first option was 
chosen. Figure 2 shows the method for conducting the analysis based on the Schwarz TMPS cell. The parameters of 
the material model used were determined from a uniaxial tensile test of the base material. A linear elastic model was 
used in the numerical analysis. 
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the cross-sectional area required for calculating effective stresses. Effective strains are estimated from equation (1). 
which takes into account the difference between the measured length after deformation and the initial measured length. 
Effective stresses. on the other hand. are calculated from equation (2). accounting for the applied force and the initial 
cross-sectional area of the specimen. 
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The simulation included a uniaxial compression test. In general. two analysis concepts can be used. The first is to 
apply boundary conditions directly to the model. while the second requires creating two rigid plates to simulate contact 
between the testing machine and the specimen. Due to the significantly increased calculation time. the first option was 
chosen. Figure 2 shows the method for conducting the analysis based on the Schwarz TMPS cell. The parameters of 
the material model used were determined from a uniaxial tensile test of the base material. A linear elastic model was 
used in the numerical analysis. 
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2.3. Analysis using computed tomography 

 Due to the complex geometry of cellular structures. their accurate representation using additive manufacturing 
technology poses a challenge. One of the most reliable technologies for identifying defects and dimensional deviations 
is computed tomography (CT). Currently. CT has become the only non-invasive method for measuring the internal 
dimensions of geometric features. Because CT reconstruction creates a complete 3D representation of an object based 
on a large number of 2D X-ray images. it allows for answering questions about the external and internal structure of 
an element. as well as its material properties (Wu and Yang n.d.; Zadpoor n.d.) . 

The study of cellular structures was conducted using the Phoenix V Tome xS system (Fig. 3). The system consists 
of a detector with a resolution of 1000 × 1000 px (pixel size of 200 μm) and a 16-bit grayscale. a rotary table. and an 
X-ray lamp with microfocus at a maximum accelerating voltage of 240 kV. The data analysis was performed using 
GOM Volume Inspect software. With this system. a comprehensive analysis of porosity and dimensional deviations 
was carried out. simultaneously obtaining a 3D representation of the objects. which was necessary for the issue related 
to numerical homogenization. 

Fig. 3. Examination of cellular structures by computed tomography. 

2.4. Determination of the stiffness matrix 

In order to evaluate the mechanical properties of cellular structures. nTopology software was used to create a 
representative stiffness matrix for each cell type or several cells using homogenization techniques. This makes it 
possible to determine the variation of strength properties depending on the number of cells. dimensional deviations 
and internal defects. The tool provides valuable support for the design of materials with specific mechanical properties. 
enabling the design of materials with new and unique properties based on structural analysis of cells. 
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3. Results 

3.1. Effect of the unit cell number on the mechanical properties of the structures 

The findings indicate that the effective Young's modulus of the cell structure increases with the number of cells. 
However. the growth rate decreases as the number of cells increases and reaches a plateau at some point. Depending 
on the two key parameters of the structure. the relative density and the topology of a single cell. each structure has a 
different stability. To better interpret this phenomenon. an algorithm was developed (Fig.4). Based on such 
methodology. a numerical analysis was carried out for different single cell shapes and relative densities. Based on 
preliminary results. the effect of single cell size was found to be negligible. The whole algorithm was divided into two 
stages. The first criterion refers to the dependence of the change in effective Young's modulus on the number of cells 
∆𝐸𝐸��� � ��𝑁𝑁�. Based on this function. a power approximation was estimated. If the correlation coefficient is greater 
than or equal to 0.85. the criterion of the power approximation of the relationship ∆𝐸𝐸��� � ��𝑁𝑁�. was applied. If the 
correlation coefficient is less than 0.85. a criterion based on the logarithmic approximation of the dependence of the 
effective Young's modulus on the number of cells 𝐸𝐸��� � ��𝑁𝑁� was used. More significance was assigned to the 

Fig. 4. Algorithm for determining the number of minimum single cells. 

power approximation due to the fact that this function is characterized by the presence of a horizontal asymptote. In 
addition. a stability parameter of � � 0.85 was introduced into the equations. which are presented in Figure 4. 

Based on the algorithm. the minimum number of cells for a given unit cell and relative density were defined. The 
results for each set of parameters are shown in Table 2. 
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            Table 2. The minimum number of cells for selected examples. 

The type of cell Minimum number of cells Stability criterion 
BCC (20%.50%) 5 5 change in effective Young's modulus 
Diamond (20%.50%) 2 3 effective Young's modulus 
Kelvin (25%.50%) 4 3 change in effective Young's modulus 
Fluorite (25%.50%) 3 4 effective Young's modulus 

 

3.2. Geometric and porosity analysis using Computer Tomography 

The use of computed tomography makes it possible to evaluate the actual relative density. porosity. average defect 
size and average dimensional deviation from the designed model. Using a three-dimensional representation of real 
objects. the relative density was determined (Karme et al. 2015). The data on this is illustrated in Table 3. where the 
other test results are also summarized. Based on the collected data. it can be seen that in all cases where the cell size 
in the cellular structure was 2 mm and the relative density was designed at 25%. there were slight positive differences. 
Nevertheless. based on the data obtained. it can be concluded that good compliance with the designed relative density 
was achieved. The highest porosity was observed for a cellular structure consisting of a 2 mm Fluorite cell and a 
relative density of 25%. The maximum porosity value is 0.22%. 

                        Fig. 5 Analysis of dimensional deviations.                                                          Fig. 6. Analysis of the volume of defects. 
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 Table 3. Overview of results from dimensional deviation and porosity analysis. 

No. Porosity (%) Average defect volume (mm3) Average dimensional deviation (mm) Real relative density (%) 

1 0.096 0.00012 0.032 28.17 
2 0.0332 0.00009 0.0092 48.78 
3 0.04 0.00065 0.0035 24.58 
4 0.01 0.00025 0.0037 47.82 
5 0.17 0.00006 0.028 27.59 
6 0.12 0.000067 0.024 50.28 
7 0.1 0.000083 0.0037 24.97 
8 0.06 0.00012 0.003 48.04 
9 0.22 0.000065 0.033 29.73 

10 0.13 0.000093 0.016 50.59 
11 0.05 0.00015 0.018 26.96 
12 0.05 0.00014 0.0016 49.33 
13 0.05 0.000076 0.021 27.1 
14 0.17 0.000049 0.01012 48.31 
15 0.04 0.0001 0.0093 24.31 
16 0.05 0.00013 0.00041 48.03 

 

3.3. Numerical homogenization of cellular structures 

Numerical homogenization consists in determining the effective elastic parameters based on knowledge of the 
properties of a representative volume. In the case of cellular structures. such a representative volume can be defined 
as a cell. However. a single cell may be too simplified. Therefore. a simulation was performed using the 
homogenization method to determine the effect of the number of cells on the resulting mechanical response. The 
analysis was carried out using a predefined minimum number of cells at which the structure behaves stably. An 
additional optimization would be a model obtained from a CT scan. which includes information on the actual relative 
density or porosity. 

For estimation of the properties of individual cells. a linear model of isotropic elasticity was used. assuming a 
constant Young's modulus of 163 GPa and a Poisson's ratio of 0.3. Figure 7 depicts the stiffness distribution in red. 
which indicates the direction of higher stiffness in a cell. while the blue color represents the direction of lower stiffness. 
For an ideal isotropic material. the stiffness matrix would be represented by a homogeneous sphere.  

Analysis of the data presented in Table 4 shows that the difference between the distribution of stiffness for one unit 
cell and the minimum number of cells is not significant. Mostly. the distribution of stiffness for the minimum number 
of cells is slightly higher. However. in the case of a structure with a Diamond unit cell. the situation changes. This is 
due to the fact that this topology is not symmetrical. and only using the minimum number of cells will allow to estimate 
the correct stiffness matrix. It can be seen that there is a close correlation between the actual relative density and the 
stiffness distribution for models obtained using CT. It is the relative density. rather than the porosity present in the 
models. that has a greater influence on the formation of cellular properties. Nonetheless. taking all factors into account. 
in the form of defects or deviations. will allow a more accurate numerical analysis. 
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analysis was carried out using a predefined minimum number of cells at which the structure behaves stably. An 
additional optimization would be a model obtained from a CT scan. which includes information on the actual relative 
density or porosity. 

For estimation of the properties of individual cells. a linear model of isotropic elasticity was used. assuming a 
constant Young's modulus of 163 GPa and a Poisson's ratio of 0.3. Figure 7 depicts the stiffness distribution in red. 
which indicates the direction of higher stiffness in a cell. while the blue color represents the direction of lower stiffness. 
For an ideal isotropic material. the stiffness matrix would be represented by a homogeneous sphere.  

Analysis of the data presented in Table 4 shows that the difference between the distribution of stiffness for one unit 
cell and the minimum number of cells is not significant. Mostly. the distribution of stiffness for the minimum number 
of cells is slightly higher. However. in the case of a structure with a Diamond unit cell. the situation changes. This is 
due to the fact that this topology is not symmetrical. and only using the minimum number of cells will allow to estimate 
the correct stiffness matrix. It can be seen that there is a close correlation between the actual relative density and the 
stiffness distribution for models obtained using CT. It is the relative density. rather than the porosity present in the 
models. that has a greater influence on the formation of cellular properties. Nonetheless. taking all factors into account. 
in the form of defects or deviations. will allow a more accurate numerical analysis. 
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Fig. 7. Methodology for performing homogenization analysis: (a) Classical; (b) Optimized based on minimum number of cells; (c) Optimized 
based on model with CT. 

4. Conclusion  

The study investigates the effect of the number of cells on the effective Young's modulus of cellular structures. The 
two key parameters of the structure. the relative density. and topology of a single cell. are considered for stability 
analysis. The purpose of the study was to develop a procedure for determining the minimum number of cells that is 
required for a structure to exhibit a constant effective Young's modulus. Based on the literature review. it was not 
possible to clearly specify how many cells such a structure should contain. The study also proposed an optimization 
of the homogeneous method for cell structures. 

 The study revealed that the effective Young's modulus of cellular structures increases with the number of 
cells. but the growth rate decreases and reaches a plateau at some point. The size of a single cell has an 
insignificant effect on mechanical properties. An algorithm was developed to determine the minimum 
number of cells for a given cell and relative density. 

 The power approximation was found to be a better criterion for the relationship between the change in 
effective Young's modulus and the number of cells. A stability parameter C=0.85 was entered. 

 The relative density. rather than porosity. has a greater influence on the formation of cellular properties. 
However. taking into account all factors. such as defects or deviations. would allow a more accurate 
numerical analysis. The stiffness distribution for the minimum number of cells is slightly higher. but for 
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non-symmetrical topologies like the Diamond unit cell. using the minimum number of cells is essential to 
estimate the correct stiffness matrix. 

Overall. the study provides insights into the effect of the number of cells on the mechanical properties of cellular 
structures and proposes an algorithm for stability analysis. The findings can be useful for designing and optimizing 
cellular structures for various applications. 

                                                 Table 4. Comparison of results from homogenization analysis. 

  Directional maximum Young's modulus Emax (GPa) 

No. One Unit Cell Minimum number of cells CT Model 

1 15.75 15.78 18.12 
2 41.97 42.36 41.85 
3 15.73 15.77 15.15 
4 41.52 41.82 40.17 
5 7.07 13.4 16.25 
6 25.76 43.9 45.18 
7 6.86 13.17 12.81 
8 25.39 43.53 41.43 
9 11.48 11.93 22.83 

10 43.9 44.32 52.25 
11 11.13 11.24 13.77 
12 42.86 43.69 44.24 
13 12.68 13.32 17.25 
14 46.85 46.76 45.65 
15 12.6 12.83 12.96 
16 46.34 46.51 44.22 
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In addition, the long-term effect of the thermal cycles is also analyzed by conducting a material aging test for the proposed 
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1. Introduction 

Thermal loads and their long-term effects often lead to certain material failures or defects, which despite not 
resulting in structural damage, might end up as a claim of the customer towards the manufacturer of the specific 
product. 

In general, engineers and material specialists limit the use cases of these temperature sensitive materials to 
applications which are meant to function in controlled environmental conditions. However, during the lifetime of 
these products, they can still be subjected to various extreme temperatures. For this reason, there are several 
international standards (ISO 16750-4, Road Vehicles - Environmental Conditions and Testing for Electrical and 
Electronic Equipment - Part 4: Climatic Loads, 2010), specifying that all the electronic products, which rely on the 
usage of such thermoplastics, must withstand high numbers of thermal cycles, within the -40°C to +85°C 
temperature range, without producing mechanical failures. 

Polycarbonate is one of the most widely used thermoplastic materials, from the amorphous polymer category, 
which offers several benefits due to its physical properties which make it the material of choice for a wide variety of 
applications. These include low density, transparency, high impact resistance, chemical stability, and ease of 
processing (Allen et al., 1973; Davis & Golden, 1969; Shah, 2009). Although the very good properties it possesses, 
longer exposure of polycarbonate to temperature will alter its chemical, thermal, and mechanical properties (Jiang et 
al., 2018; Redjala et al., 2019, 2021). 

The aim of this paper is to investigate the variation of the elastic properties of the proposed polycarbonate grades, 
such as Young’s modulus, yield strength and Poisson’s ratio, during quasi-static tensile testing of thermally aged and 
non-aged samples. For the non-aged samples, the effect of the temperature increase over the mechanical behavior in 
tension of the materials has been studied (Cao et al., 2014; Krausz et al., 2021). The investigation concludes with the 
comparison of both test cases with the tensile behavior of the materials at room temperature condition. 

 
Nomenclature 

MK2405 Makrolon 2405, polycarbonate material without glass fiber reinforcement 
MK9415 Makrolon 9415, polycarbonate material with 10% glass fiber 
MK8035 Makrolon 8035, polycarbonate material with 30% glass fiber 

 
2. Experimental investigations 

 
2.1. Specimen preparations 
 

The specimens used for the experiments were produced by injection molding, directly in their final, dogbone 
shape, and kept at room temperature (22°C) and normal humidity conditions (~50%). 
 

The shape and dimensions of the specimens were selected according to the ISO 572-2 tensile testing standard 
(ISO 527-2, Plastics - Determination of Tensile Properties - Part 2: Test Conditions for Moulding and Extrusion 
Plastics, 2012), with a total length of 150 [mm], a gauge length of 60 [mm], a width of 10 [mm] and a thickness of 4 
[mm]. 

 
The thermal aging of the specimens has been conducted in a Vötsch VT3 7006 S2 type thermal shock test system. 

The system consists of two low and high temperature chambers, which permit very rapid temperature changes in the 
range of -80°C to +220°C. 
The specimens were placed on the shelves inside the cradle, which makes a translatory movement between the top 
(hot) and bottom (cold) chambers during the thermal cycles applied. The type and number of the cycles has been 
selected according to the IEC 60068-2-14 international standard (IEC 60068-2-14, Environmental Testing - Part 2-
14: Tests - Test N: Change of Temperature, 2009), applicable to environmental testing. (Fig.1). 
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Fig. 1. Aging of samples – 100 cycles of thermal load varying between -40°C and +85°C. 

 
The fans mounted in both chambers ensured the high flow rate and even air distribution, and thus the 

homogenization of the temperature in the test space. 
 

 
2.2. Tensile testing of non-aged samples at elevated temperatures 

 
For the tensile testing in the temperature range of 20°C - 80°C of the non-aged samples an Instron 8874 multiaxial 

test machine with hydraulic control has been used. The machine was equipped with an environmental chamber 
controlled by a resistance-wire heater and with a video-extensometer to capture the longitudinal and transversal 
displacements of four circular spots marked on the specimens.  

The tests were conducted with a constant loading rate of 50 mm/min. The temperature of the specimens inside the 
chamber has been monitored with a thermocouple to ensure the even distribution of the thermal load before the 
tensile tests. 

 
2.3. Tensile testing of aged samples 

 
The tensile testing of the aged samples at room temperature and normal humidity conditions (20°C, 50%) has 

been conducted using a Zwick-Roell Z005 universal machine, equipped with a 5 kN load cell, in combination with a 
clip-on extensometer for strain recording, having a gauge length of 30 mm. Tests were performed with a constant 
cross head velocity of 2 mm/min. 

In addition to the clip-on extensometer, a Dantech Dynamics Digital Image Correlation system has also been 
utilized to capture the transversal deformations of the specimens during tension and hence to allow the calculation of 
the Poisson’s ratio of the thermally aged samples. 

 
 

3. Results and discussions 
 
3.1. The influence of uniform, constant heating 

 
It is generally known that the tensile response of polycarbonate, as of most polymeric materials, is highly 

dependent on strain rate and temperature, as confirmed by several studies (Cao et al., 2010, 2014). 
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Figure 2 shows the engineering stress-strain response in monotonic tension of the neat and fiber reinforced 
polycarbonate grades as function of three different temperatures (22°C, 40°C, 80°C). 

The curves for the individual materials are having the same shape, differentiated by the shifts caused by the 
temperature conditions. These reflect an elastoplastic behavior which consists of a viscoelastic region followed by 
the yield point (considered as the local maximum point on the stress-strain curve), then by the plastic or flow region 
and concludes with the end point where the material failure occurs. Similar nonlinear material deformation tendency 
under quasi-static monotonic tension conditions is described by several studies in the literatures (Krausz et al., 
2021), (Autade & Pawar, 2015). 

In case of the MK8035, however, the curves are only characterized by non-linear elasticity, as due to the 
brittleness of the material this will fail without any significant softening after reaching the maximum stress value that 
the material can still withstand, independent of the temperature variations. 

One common observation for all the studied material grades is the yield stress showing a strong temperature 
dependency. 
 
 

  

 

Fig. 2. Force-deflection curves as function of temperature of the three polycarbonate grades: (a) MK2405, (b) MK9415 and (c) MK8035. 

Table 1 summarizes the average and standard deviation values of the elastic modulus of the materials in terms of 
the three temperature levels that have been selected for the study. Like the flow stress, the elastic modulus is also 
highly influenced by temperature. This undergoes a decrease of up to 13% for the MK2405 and for the MK9415, and 
a slightly lower decrease of 7.5% for the MK8035. 
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    Table 1. The average and standard deviation values of the elastic modulus as function of temperature. 

 Makrolon 2405 Makrolon 9415 Makrolon 8035 

Average 
[MPa] 

St. dev. 
[MPa] 

Average 
[MPa] 

St. dev. 
[MPa] 

Average 
[MPa] 

St. dev. 
[MPa] 

22°C 2600 305.16 4104 131 5723 469.88 

40°C 2480 98.11 3930 275.45 5680 200.44 

80°C 2260 184.73 3571 177.93 5295 118.32 

 
In terms of the Poisson’s ratio one can observe that all three material grades show stability although the temperature 
increases (Table 2). There is a variation of about 3% for each grade, but there is no clear indication of negative 
temperature impact. 
 

    Table 2. The average and standard deviation values of the Poisson’s ratio as function of temperature. 

 Makrolon 2405 Makrolon 9415 Makrolon 8035 

Average [-] St. dev. [-] Average [-] St. dev. [-] Average [-] St. dev. [-] 

22°C 0.418 0.067 0.414 0.014 0.343 0.083 

40°C 0.43 0.041 0.421 0.03 0.336 0.086 

80°C 0.431 0.02 0.403 0.041 0.332 0.06 

 
 

3.2. The effects of thermal aging 
 

Figure 3 represents the engineering stress - strain curves in monotonic tensile testing of aged and non-aged 
polycarbonate, from all three selected grades. The curves of the aged specimens do respect the same tendency as the 
ones for the non-aged samples, however, high degrees of similarity can only be observed up to the yield limit (elastic 
region). Beyond this point the aged samples exhibit a sudden drop in terms of stresses opposed to the non-aged 
materials where the softening of the material happens more slowly. A flow of the material can then be observed for 
both specimen types until the deformations reach their maximum values before fracture occurs. 
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Fig. 3. Force-deflection curves of aged and non-aged specimens for the three polycarbonate grades: (a) MK2405, (b) MK9415 and (c) MK8035. 

Table 3 groups the values of the elastic modulus and yield strength of the aged and non-aged polycarbonate 
materials at room temperature conditions. From the values shown one can observe a slight increase (1.2%) in 
Young’s modulus and in yield strength (10%) in favor of the aged samples, but only for the unreinforced grade. 

In the case of the fiber reinforced materials the tendency will change, making the non-aged materials more stable 
for loads with magnitudes close to the yield limit. 
 

    Table 3. The variation of the elastic modulus and of the yield strength due to the aging of the specimens. 

 Makrolon 2405 Makrolon 9415 Makrolon 8035 

Elastic 
modulus 
[MPa] 

Yield 
strength 
[MPa] 

Elastic 
modulus 
[MPa] 

Yield 
strength 
[MPa] 

Elastic 
modulus 
[MPa] 

Yield 
strength 
[MPa] 

Aged 2487.45 65.21 4215.37 58.53 5846.45 54.69 

Non-aged 2457.84 59.33 4042.02 60.26 5960.54 58.83 

 
Although the behavior shown by the aged specimens is different from the one observed by Sonja et al. (Redjala et 
al., 2019), the sudden drop is expected to be due to the physical and chemical aging of the materials at microscale 
level, resulting in bond breakages which make room for degradations. 
 
4. Conclusions 

 
Uniaxial monotonic tension behavior of unreinforced and reinforced polycarbonate grades was investigated at 

three temperatures - 22°C, 40°C and 80°C. The experimental findings demonstrated once again the temperature 
dependency of the material. The elastic modulus and yield stress values are decreasing with the increasing 
temperature, whereas the Poisson’s ratio remains stable, with almost insignificant variations, throughout the entire 
tested temperature range. 

In addition, thermal aging of the specimens from the selected polycarbonate grades has been conducted. After 
aging, the specimens have been tested for uniaxial tensile loading and compared to non-aged material behavior. 
The aging had an impact upon the base polycarbonate, by increasing its mechanical properties by up to 10%, 
however, with the increasing fiber ratio, the stiffening effect of the aging has been canceled. The specimens for the 
two reinforced grades showed a drop of up to 7% compared to the non-aged materials. 
Both the temperature dependency and the possibility of negative impact of aging should be considered before the 
selection of a specific polycarbonate grade for a certain engineering application. 
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Fig. 3. Force-deflection curves of aged and non-aged specimens for the three polycarbonate grades: (a) MK2405, (b) MK9415 and (c) MK8035. 

Table 3 groups the values of the elastic modulus and yield strength of the aged and non-aged polycarbonate 
materials at room temperature conditions. From the values shown one can observe a slight increase (1.2%) in 
Young’s modulus and in yield strength (10%) in favor of the aged samples, but only for the unreinforced grade. 

In the case of the fiber reinforced materials the tendency will change, making the non-aged materials more stable 
for loads with magnitudes close to the yield limit. 
 

    Table 3. The variation of the elastic modulus and of the yield strength due to the aging of the specimens. 

 Makrolon 2405 Makrolon 9415 Makrolon 8035 

Elastic 
modulus 
[MPa] 

Yield 
strength 
[MPa] 

Elastic 
modulus 
[MPa] 

Yield 
strength 
[MPa] 

Elastic 
modulus 
[MPa] 

Yield 
strength 
[MPa] 

Aged 2487.45 65.21 4215.37 58.53 5846.45 54.69 

Non-aged 2457.84 59.33 4042.02 60.26 5960.54 58.83 

 
Although the behavior shown by the aged specimens is different from the one observed by Sonja et al. (Redjala et 
al., 2019), the sudden drop is expected to be due to the physical and chemical aging of the materials at microscale 
level, resulting in bond breakages which make room for degradations. 
 
4. Conclusions 

 
Uniaxial monotonic tension behavior of unreinforced and reinforced polycarbonate grades was investigated at 

three temperatures - 22°C, 40°C and 80°C. The experimental findings demonstrated once again the temperature 
dependency of the material. The elastic modulus and yield stress values are decreasing with the increasing 
temperature, whereas the Poisson’s ratio remains stable, with almost insignificant variations, throughout the entire 
tested temperature range. 

In addition, thermal aging of the specimens from the selected polycarbonate grades has been conducted. After 
aging, the specimens have been tested for uniaxial tensile loading and compared to non-aged material behavior. 
The aging had an impact upon the base polycarbonate, by increasing its mechanical properties by up to 10%, 
however, with the increasing fiber ratio, the stiffening effect of the aging has been canceled. The specimens for the 
two reinforced grades showed a drop of up to 7% compared to the non-aged materials. 
Both the temperature dependency and the possibility of negative impact of aging should be considered before the 
selection of a specific polycarbonate grade for a certain engineering application. 
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1. Introductions 

Additive manufacturing is the process that can build complex parts layer by layer without wasting material and 
having a fast building speed. The 3-D printing employs an additive manufacturing process whereby products are built 
on a layer-by-layer basis, through a series of cross-sectional slices, Barry (2012). On the other hand, the only material 
waste is a few rows of material, the contour of the printed specimens. The AM technology is used for complex parts 
without any other operations, Zhang et al. (2018). AM technology is used in different fields, such as mechanical 
Henriques et al. (2018), biomechanical Malik et al. (2015), Mulford et al. (2016), aeronautical engineering Ahmed et 
al (2013), Kroll et al (2011)), and so on. 

The first 3D printer based on Fused Deposing Modelling was made in the USA in the 1980s; this technology is 
used much more than other technologies, Dudek et al. (2013). To use the FDM technology, it is necessary to define a 
3D model and import it into a 3D printer software to establish the parameters and export it into a G-code file. The 
parameters that can be established in the software are printing speed, layer thickness, bed temperature, and nozzle 
temperature. 

FDM is an additive manufacturing method and is the most widely used because of its ease of use. Materials used 
in the FDM method are thermoplastic polymers. Although some experts in the field would restrict 3-D printing to 
units with inkjet-based print heads that create an object on a layer-by-layer basis, others would apply this term to 
office or consumer versions of rapid prototyping machines that are relatively low-cost and easy to use Casey (2009).  
The filament is heated until the material is melted and can be deposited on the other layer. The specimens were made 
according to the ASTM B 831-5 standard, which is used for thin sheet metal specimens to characterize the mechanical 
properties in shear specimens. For printed specimens, there is no specific standard for in-plane shear properties.  

Valean et al. (2020) and Marsavina et al. (2022) investigated the influence of manufacturing parameters on the 
tensile properties, respectively fracture toughness of FDM specimens made of PLA. Ziemian et al. (2012) studied the 
dependence of the mechanical properties of ABS parts produced by FDM on raster orientation and the conclusion of 
the paper is mechanical properties display anisotropic behavior with the orientation of raster and the directionality of 
polymeric molecules. 

In order to identify additional material parameters, Rauch et al. (1992) made many studies of the constitutive 
behavior during shear deformation, especially for the examination of large strains. Bouvier et al. (2006) analyzed the 
homogeneity of the shear zones depending on the geometric ratio of the shear gauge. The in-plane simple shear with 
a single shear zone is a very efficient technique for evaluating the shear properties and for analyzing the in-plane 
plastic anisotropy of metals Rauch et al. (1998) For those types of specimens which are in-plane loaded is easy to use 
digital image correlation DIC to measure the strains during the test, Liew et al. (2018). DIC is a non-contact optical 
digital method to measure specimen deformation Casey et al (2009). The method was used instead of the extensometer, 
which can influence the fracture zone. DIC uses 2 cameras positioned at 700 mm by the specimen and an angle of 60 
degrees, so it is not necessary to touch the specimen. The DIC accuracy is very high, and the computational efficiency 
has been improved. 

 Song et al. (2017) found that polylactic acid (PLA) specimens had three different strengths in three directions, and 
the strength along the build direction had the smallest value. Popa et al. (2022) investigated the influence of thickness 
under the Izod impact test and observed that PETG specimens have better accuracy in results and a brittle fracture. 

The objective of this study was to investigate the difference in shear behavior between specimens with and without 
contour. For this investigation, specimens adhering to ASTM 831-5 specifications, utilized polyethylene terephthalate 
glycol (PETG). 

2. Material and methods  

The specimens were made from blue PETG, the color has a characteristic that has been shown to have an impact 
on the material's behavior. Shear specimens were 3D printed using a Prusa MK3 printer with a 2 mm nozzle and 1.75 
mm filament diameter. Printing parameters included a nozzle temperature of 230°C and a bed temperature of 85°C, 
adhering to ASTM 831-5 specifications for shear specimen geometry. 

Simultaneously, blue PETG was characterized using tensile specimens, which were manufactured and subjected to 
experimental investigation. Post-testing, Young's modulus and ultimate strength were determined. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2024.02.053&domain=pdf
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1. Introductions 

Additive manufacturing is the process that can build complex parts layer by layer without wasting material and 
having a fast building speed. The 3-D printing employs an additive manufacturing process whereby products are built 
on a layer-by-layer basis, through a series of cross-sectional slices, Barry (2012). On the other hand, the only material 
waste is a few rows of material, the contour of the printed specimens. The AM technology is used for complex parts 
without any other operations, Zhang et al. (2018). AM technology is used in different fields, such as mechanical 
Henriques et al. (2018), biomechanical Malik et al. (2015), Mulford et al. (2016), aeronautical engineering Ahmed et 
al (2013), Kroll et al (2011)), and so on. 

The first 3D printer based on Fused Deposing Modelling was made in the USA in the 1980s; this technology is 
used much more than other technologies, Dudek et al. (2013). To use the FDM technology, it is necessary to define a 
3D model and import it into a 3D printer software to establish the parameters and export it into a G-code file. The 
parameters that can be established in the software are printing speed, layer thickness, bed temperature, and nozzle 
temperature. 

FDM is an additive manufacturing method and is the most widely used because of its ease of use. Materials used 
in the FDM method are thermoplastic polymers. Although some experts in the field would restrict 3-D printing to 
units with inkjet-based print heads that create an object on a layer-by-layer basis, others would apply this term to 
office or consumer versions of rapid prototyping machines that are relatively low-cost and easy to use Casey (2009).  
The filament is heated until the material is melted and can be deposited on the other layer. The specimens were made 
according to the ASTM B 831-5 standard, which is used for thin sheet metal specimens to characterize the mechanical 
properties in shear specimens. For printed specimens, there is no specific standard for in-plane shear properties.  

Valean et al. (2020) and Marsavina et al. (2022) investigated the influence of manufacturing parameters on the 
tensile properties, respectively fracture toughness of FDM specimens made of PLA. Ziemian et al. (2012) studied the 
dependence of the mechanical properties of ABS parts produced by FDM on raster orientation and the conclusion of 
the paper is mechanical properties display anisotropic behavior with the orientation of raster and the directionality of 
polymeric molecules. 

In order to identify additional material parameters, Rauch et al. (1992) made many studies of the constitutive 
behavior during shear deformation, especially for the examination of large strains. Bouvier et al. (2006) analyzed the 
homogeneity of the shear zones depending on the geometric ratio of the shear gauge. The in-plane simple shear with 
a single shear zone is a very efficient technique for evaluating the shear properties and for analyzing the in-plane 
plastic anisotropy of metals Rauch et al. (1998) For those types of specimens which are in-plane loaded is easy to use 
digital image correlation DIC to measure the strains during the test, Liew et al. (2018). DIC is a non-contact optical 
digital method to measure specimen deformation Casey et al (2009). The method was used instead of the extensometer, 
which can influence the fracture zone. DIC uses 2 cameras positioned at 700 mm by the specimen and an angle of 60 
degrees, so it is not necessary to touch the specimen. The DIC accuracy is very high, and the computational efficiency 
has been improved. 

 Song et al. (2017) found that polylactic acid (PLA) specimens had three different strengths in three directions, and 
the strength along the build direction had the smallest value. Popa et al. (2022) investigated the influence of thickness 
under the Izod impact test and observed that PETG specimens have better accuracy in results and a brittle fracture. 

The objective of this study was to investigate the difference in shear behavior between specimens with and without 
contour. For this investigation, specimens adhering to ASTM 831-5 specifications, utilized polyethylene terephthalate 
glycol (PETG). 

2. Material and methods  

The specimens were made from blue PETG, the color has a characteristic that has been shown to have an impact 
on the material's behavior. Shear specimens were 3D printed using a Prusa MK3 printer with a 2 mm nozzle and 1.75 
mm filament diameter. Printing parameters included a nozzle temperature of 230°C and a bed temperature of 85°C, 
adhering to ASTM 831-5 specifications for shear specimen geometry. 

Simultaneously, blue PETG was characterized using tensile specimens, which were manufactured and subjected to 
experimental investigation. Post-testing, Young's modulus and ultimate strength were determined. 
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The shear specimens were produced in two configurations: the first with two layers contour and the second without 
contour. Both configurations were printed with the same raster orientation at 0 degrees. Six specimens of each type 
were printed, as depicted in Fig. 1. Fig. 1 a) displays a specimen without a contour, revealing an irregular outline and 
rough filament ends. In contrast, Fig. 1 b) illustrates a specimen with a contour, displaying a smooth surface without 
any roughness. These observations highlight the influence of contour presence, on the final surface quality of the 3D-
printed PETG specimens. 

 

   

Fig. 1 The printed specimens a) without contour and b) with contour. Fig 2 The test setup used for the experiment. 

The specimens were measured before the painting, the dimensions are shown in Table 1. 
 

Table 1 The specimen dimensions      
Specimens without contour    Specimens with contour 

Specimen Width Thickness Specimen  Width  Thickness 
P1 5.10 6.35 P1c  5.09  6.35 
P2 4.99 6.29 P2c  5.06  6.35 
P3       5.00 6.32 P3c  5.11  6.36 
P4       4.89 6.29 P4c  5.02  6.38 
P5       5.03 6.33 P5c  5.03  6.37 
P6       4.78 6.35 P6c  5.06  6.38 

      
. 
The Dantec Q-400 Digital Image Correlation (DIC) system comprises two 5-megapixel greyscale cameras 

strategically positioned on either side of the red-light source, precisely at the center of the specimen. For illumination, 
Dantec HILIS LED technology was employed, ensuring better precision in measurements. Data acquisition was 
facilitated through a trigger unit, offering both analog and digital input/output channels. Instra4D software was 
employed for data processing and visualization purposes. First, to conduct the tests, a meticulous calibration procedure 
was executed to ensure the accuracy of the measurements. Calibration involved the use of a BNB 9x9 plate. During 
these tests, the Global Residual was determined to be 0.240. Image capture occurred at a rate of 1 Hz, for each camera. 
To optimize visibility and minimize reflectivity, the specimens were meticulously prepared. They were coated with 
multiple layers of white paint until the surfaces achieved complete whiteness. Subsequently, a light-speckle pattern, 
created using black paint, was applied over the area of interest on the specimens. 

The tests were performed on the Zwick tensile machine with a 5 kN load cell. The specimens were clamped in each 
half of the specimen, remaining in the interest area of the specimen. The specimen was loaded with a speed of 5 
mm/min in displacement control. The collection of the necessary strain data was accomplished through the use of DIC  
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The DIC strain measurement on both sides of the specimen also compensates for any twisting or rigid body motion 
during loading, since the strain values collected on either side are averaged together for the subsequent material 
property calculations. 

 

3. Results and discussion 

The purpose of this paper was to observe the difference in behavior between specimens made with contour and 
those without contour in shear. The first step involved defining the mechanical properties of the PETG material. For 
this study, the specimens were designed with a contour. Tensile specimens were then manufactured and tested using 
the same Zwick machine, with a loading rate of 2 mm/min. Figure 3 illustrates the Force-Displacement graph obtained 
from the tensile testing. 

 

Fig. 3 The Force - Displacement curve at tensile test Fig. 4 The Force – Displacement curves at shear test 

The second step involved conducting shear tests on the Zwick machine. For each specimen, images were captured 
using DIC. With the help of Instra4D software, the position of maximum shear stress was detected, allowing for a 
comparison between the strain shape and the experimental values. Once a test was completed, the process was repeated 
six times for each type of specimen.  

Fig. 4 shows the Force-Displacement curves for both specimens, the red curve is for the specimen with contour 
and the blue curve is for the specimen without contour. The difference between curves is about 30% in maximum 
force. Specimens without contour highlighted a more brittle behavior compared with those with contour. 

To compute the displacements measured by DIC, two points were fixed on the specimens, Fig. 5. First point 1 was 
fixed on the upper side of the specimen and the second point 2 was fixed on the bottom side of the specimen. With 
Instra4D software it was possible to measure the displacement and extract the measurement data. For both specimens, 
the points were fixed at the same distance. 

In Fig. 5, the displacements provided by the DIC from the two points near the shear zone are shown. On the graph 
are overlapped pictures in 3 stages. The pictures were taken in the first step where the force and displacement were 0. 
The second picture is in an intermediate stage, the value of displacement corresponding to point 1 is 0.38 mm. On the 
graph, the same picture is around 0.8 mm taken from the machine, and for this, the force is 295 N. The third stage was 
just before the fracture, the value of displacement is around 1.4 mm (for point 1) and the force is 592 N. 

0
100
200
300
400
500
600

0 1 2 3 4

Fo
rc

e 
[N

]

Displacement [mm]

0

200

400

600

800

1000

0 2 4 6

Fo
rc

e 
[N

]

Displacement [mm]

Without Contour
With Contour



 Cosmin Florin POPA  et al. / Procedia Structural Integrity 56 (2024) 176–183 179
 Popa Cosmin-Florin/ Structural Integrity Procedia 00 (2019) 000–000  3 

The shear specimens were produced in two configurations: the first with two layers contour and the second without 
contour. Both configurations were printed with the same raster orientation at 0 degrees. Six specimens of each type 
were printed, as depicted in Fig. 1. Fig. 1 a) displays a specimen without a contour, revealing an irregular outline and 
rough filament ends. In contrast, Fig. 1 b) illustrates a specimen with a contour, displaying a smooth surface without 
any roughness. These observations highlight the influence of contour presence, on the final surface quality of the 3D-
printed PETG specimens. 

 

   

Fig. 1 The printed specimens a) without contour and b) with contour. Fig 2 The test setup used for the experiment. 

The specimens were measured before the painting, the dimensions are shown in Table 1. 
 

Table 1 The specimen dimensions      
Specimens without contour    Specimens with contour 

Specimen Width Thickness Specimen  Width  Thickness 
P1 5.10 6.35 P1c  5.09  6.35 
P2 4.99 6.29 P2c  5.06  6.35 
P3       5.00 6.32 P3c  5.11  6.36 
P4       4.89 6.29 P4c  5.02  6.38 
P5       5.03 6.33 P5c  5.03  6.37 
P6       4.78 6.35 P6c  5.06  6.38 

      
. 
The Dantec Q-400 Digital Image Correlation (DIC) system comprises two 5-megapixel greyscale cameras 

strategically positioned on either side of the red-light source, precisely at the center of the specimen. For illumination, 
Dantec HILIS LED technology was employed, ensuring better precision in measurements. Data acquisition was 
facilitated through a trigger unit, offering both analog and digital input/output channels. Instra4D software was 
employed for data processing and visualization purposes. First, to conduct the tests, a meticulous calibration procedure 
was executed to ensure the accuracy of the measurements. Calibration involved the use of a BNB 9x9 plate. During 
these tests, the Global Residual was determined to be 0.240. Image capture occurred at a rate of 1 Hz, for each camera. 
To optimize visibility and minimize reflectivity, the specimens were meticulously prepared. They were coated with 
multiple layers of white paint until the surfaces achieved complete whiteness. Subsequently, a light-speckle pattern, 
created using black paint, was applied over the area of interest on the specimens. 

The tests were performed on the Zwick tensile machine with a 5 kN load cell. The specimens were clamped in each 
half of the specimen, remaining in the interest area of the specimen. The specimen was loaded with a speed of 5 
mm/min in displacement control. The collection of the necessary strain data was accomplished through the use of DIC  
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Fig. 5 The points measured by DIC 

Fig. 6 Un-contour specimen phases overlapped over Force - Displacement graph  

Fig. 7 depicts three stages of displacement on a contour specimen measured with DIC. The stages were taken in the 
same order and at the same time as in the previous Fig. 6. The first picture shows the incipient phase, which is the 
reference position on the measurement when the specimen is not loaded. The second figure shows an intermediary 
stage of 1 mm displacement (recording by DIC), where 1.3 mm and 587 N according to the Zwick, and the maximum 
displacement is located in the upper part of the specimen. The last picture shows the last stage before crack 
propagation, where the maximum displacement is 1.55 mm according to Dantec and 1.8 mm and 829 N according to 
Zwick. 

It is worth noting that the force for specimens with contour is higher than that those specimens without contour. 
The contours provide higher strength to the specimens and higher elongation. 
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Fig 7 Contour specimen phases overlapped over Force - Displacement graph 

The engineering shear strain is depicted in Fig. 8, which shows the displacement measurements in three phases: 
the incipient phase and two final stages, before and after fracture. In the second phase, before fracture, the distribution 
of the engineering shear strain is along the crack and is highly concentrated in that area. The maximum value of the 
engineering shear strain is 5.5% 

 

     

Fig. 8 Engineering Shear Strain on specimen without contour 

     

Fig. 9 Engineering Shear Strain on the specimen with contour 
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In the other specimen in stage 2 Fig. 9 b), the engineering shear strain is distributed in a circle area, the cracks 
appeared on both sides of the fracture area, which can be seen in the last stage, Fig. 9 c). The maximum value is above 
the 5% strain due to the contour layers. 

 

   
Fig. 10 Force - Displacement curves for a) specimens without contour and b) for specimens with contours 

 
Fig. 10 depicts the force-displacement graph for both specimen types. In Fig 10.a, the results for the specimens 

contour it could be observed that the values of force are scattered. The results are clustered in groups of two, this 
behavior may be due to the printing process or microcracks, which initiate at the layers interface. On the other hand, 
for the specimens with contour, the results are very close to each other, and the behavior is the same for all specimens.  

 

  

Fig. 11 Comparison of shear strength between the two types of specimens 

Fig. 11 presents a comparison of the shear strength between two types of specimens. The contour specimens 
exhibited a 34% higher shear strength than the specimens without contour. The contour has a significant influence on 
the results. The error bars indicate that the values for specimens without contour are highly scattered, whereas the 
values of specimens with contour are much less scattered. 

4. Conclusions  

The objective of this study was to investigate the difference in shear behavior between specimens with and without 
contour. The contoured specimens exhibited a shear strength of 27.73 MPa, which is 34% higher than that of the un-
contoured specimens (18.24 MPa). Additionally, the contoured specimens showed a greater elongation at fracture. 
These results suggest that contouring should not be ignored when designing and manufacturing 3D-printed parts. 
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Using digital image correlation, the engineering shear strain distribution was observed in a circular area for the 

contoured specimens. Cracks appeared on both sides of the fracture area. In contrast, for the specimens without 
contour, the engineering shear strain distribution was along the ligament of the specimen.  
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1. Introduction 

High performance engineering polymers with glass fiber reinforcement are more often than ever used in the 
automotive industry. The harsh requirements arising from the automotive industry are transferred to the material 
manufacturer. One of the main advantages of these types of materials is good mechanical properties compared with 
the density. A lightweight component can result in the end. A second advantage is that mass scaled production using 
complex shapes and low production costs can be achieved. These materials can be seen in chassis and suspension load 
bearing applications as well as traditional powertrain component applications. 

Understanding how these types of materials work and what are the limitations in terms of performance is required 
for an efficient design. 

 
Nomenclature 

PPA polyphthalamide 
GF33 33% glass fiber inclusions 
PPS polyphenylene sulfide 
GF40 40% glass fiber inclusions 
SEC single edge crack  
SFRP short fiber reinforced polymers  
t thickness of the single edge notch specimen 
L length of the single edge notch specimen 
b width of the single edge notch specimen 
a notch length/depth 
h griping distance of the single edge notch specimen 
SIF stress intensity factor of a crack 
KI mode I stress intensity factor 
KIc mode I fracture toughness 

 
The aim of this work is to investigate the influence of fiber orientation and material thickness on the fracture 

toughness of PPA GF33 and PPS GF40 materials determined on SEC specimens. The effects on the mechanical 
behavior due to the fiber orientation was studied extensively in Holmström, Hopperstad and Clausen (2020), 
Bernasconi et al. (2007) and many others. 

When it specifically comes to fracture toughness, a small number of studies were published for SFRP. For PPS, 
some values of fracture toughness can be found in Friedrich (1985); Karger-Kocsis and Friedrich (1987), Tanaka, 
Kitano and Egami (2014). Determining and understanding fracture toughness is extensively presented in Nelson, Li 
and Kamada (2002) Ramirez, Carlsson and Acha (2009), Soderholm (2010), Limited (2012) Garcia-Manrique et al. 
(2018). The fracture toughness of these two particular materials was previously determined using edge crack triangular 
specimen in Isaincu, Micota and Marsavina (2022). 

In this paper, the fracture toughness of PPA GF33 and PPS GF40 is studied by means of physical testing and 
analytical interpretation. 

2. Experimental details 

2.1. Materials 

Two SFRP are considered for this study: a PPA with 33% glass fiber content and a PPS with 40% glass fiber. The 
materials are provided by the Solvay Group and can be found on the market under the trade name Amodel AE-4133 
and Ryton R-4-270 respectively. The amount of fiber, in terms of percentage, refers to the weight of the composite. 
The average dimension of a fiber, according to the material supplier, is in the range of 10 μm for the diameter and 200 
μm for the length. The distribution fiber length probability density versus fiber length for a similar material can be 
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seen in Fu et al. (2001). The shape of the fibers was presented in Isaincu, Micota and Marsavina (2022) by using a 
scanning electron microscope. Both materials are part of the thermoplastic branch of polymers. A semi-crystalline 
structure can be found in both materials.  

2.2. Sample preparation 

Single Edge Crack (SEC) specimens were prepared for the fracture tests. They were obtained by water jet cutting 
from injected larger plates. The nominal dimensions of 3.2 mm (1/8 of an inch) thick plates are 100 mm length by 100 
mm width. The nominal dimensions of 2.0 mm thick plates are 100 mm length by 80 mm width. These plates were 
directly delivered by the Solvay Group. The plates were obtained by injection molding with the aim of achieving a 
good and uniform fiber orientation in the middle of the plate. This is required in order to obtain specimens at different 
fiber orientation angles. 

The dimensions of SEC specimens, together with the dimensions of the plates from where they were obtained, are 
presented in Fig. 1. 

 

 

Fig. 1. Specimen cutting from the original plates considering an orientation angle of (a)/(d) 0°, (b)/(e) 45° and (c)/(f) 90°. The first row of plates 
corresponds to 2.0 mm thickness. The second row of plates corresponds to 3.2 mm thickness. 

For both thicknesses (t), the nominal length (L) of SEC specimen is 80 mm. The width (b) is 25 mm. The notch 
was manually cut using a vertical bandsaw machine. The depth/length of the notch (a) is 15 mm. A cutter was used to 
create a sharp indentation insight the specimen (in order to facilitate a better stress concentrator). An important aspect 
for SEC test specimens is the ratio between a and b. In the current study, this value was kept constant at 0.6 (a=15 mm 
/ b=25 mm). The final shape and dimensions of the specimens are depicted in Fig. 2. 

Note that there is a difference between the probe fiber orientation angle, relative to the melt flow and probe fiber 
orientation angle to the crack orientation. In this study, the orientation is described as the angle between fiber 
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orientation and crack orientation. This remark is important if the results are compared with different shapes of the 
specimen in which the fiber orientation angle relative to the melt flow is not visible. 

 

    
a) b) c) d) 

Fig. 2. a) SEC specimen dimensions and the fiber orientation angle in relation to crack orientation for 90° in b), for 45° in c) and for 0° in d). 

2.3. Tensile tests on dog bone specimens 

To characterize the behavior of the two materials, tensile tests were performed on dog bone specimens. The testing 
was performed according to ISO 527. Type 1BA specimens were cut from the previous mentioned plates as for SEC 
specimens. The tensile tests were performed for both thicknesses of the materials. The following orientation angles 
were considered for testing: 0°,15°,30°,45°,60° and 90°. An overview of the mechanical properties can be found in 
Micota, Isaincu and Marşavina (2021). The main properties are presented in Table 1. 

Table 1. Mechanical properties for PPA GF33 and PPS GF40 for two thicknesses (2.0 mm and 3.2 mm). 

Material Thickness 

[mm] 

Orientation Angle 

[°] 

Young’s Modulus 

[MPa] 

Tensile Strength 

[MPa] 

Strain at break 

[%] 

PPA 2.0 0 11698 186.4 2.20 

GF33  45 6510 110.4 5.13 

  90 5616 96.0 5.02 

 3.2 0 8996 146.6 2.83 

  45 6980 125.2 3.74 

  90 6363 111.3 3.57 

PPS 2.0 0 15923 194.6 1.56 

GF40  45 8649 121.2 2.17 

  90 7385 98.4 1.79 

 3.2 0 11693 134.1 1.45 

  45 9051 105.8 1.45 

  90 9191 98.3 1.28 

 
A clear decrease in rigidity, resistance and ductility in between the two thicknesses can be distinguished for both 

materials. 

2.4. Tensile tests on SEC specimens 

To investigate the toughness of the two materials, a series of tensile tests were performed on SEC specimens. These 
tests were conducted under mode I (crack opening) loading conditions. All tests were conducted at room temperature 
(≈20°C) and in normal humidity conditions (50% R.H.). A vertical tensile force (F) was applied up to fracture. A 
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universal testing machine, Zwick Roell Z005, was used. The speed of the testing equipment was set to 5 mm/min. The 
distance in between the jaw grips was kept around 50 mm. The test setup is presented in Fig. 3 a). 

 

  
a) b) 

Fig. 3. Test setup of SEC specimen a) and typical force-displacement curves b). 

Two materials (PPA GF33 and PPS GF40), with two thicknesses (2.0 mm and 3.2 mm) and three orientations (0°, 
45° and 90°) were considered. For each case, a set of 5 specimens were investigated. In the end, a set of 60 specimens 
were tested. 

3. Experimental results and analytical interpretation 

The main parameter that was measured during testing was the breaking force. For both materials and both 
thicknesses, the failure is brittle. This aspect can also be noticed in Fig. 5 b). In the beginning of the test, there is a 
slight slippage until the force increases and the jaws grip the probe more firmly. After that point, a linear behavior can 
be seen until failure. This is similar for both materials. An overview of all breaking forces is presented in Fig. 4. 

 

 

Fig. 4. Breaking force for PPA GF33 and PPS GF40 function of material thickness.  
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The breaking forces are increasing with the orientation angle. Lower forces are obtained when the crack is parallel 
with the fibers (0° orientation). An increase in force can be observed, in all orientations, if a higher thickness is 
considered. A more constant transition can be seen in terms of force for a higher thickness. This aspect is due to a 
higher randomized fiber orientation in the specimens that will provide a higher isotropic behavior. The fibers are 
strongly orientated for the 2.0 mm case and will lead to a higher orthotropic behavior. This is especially visible for 
PPS GF40 with 2.0 mm thickness. A substantial change in force obtained for 0° and 45° to 90° orientation can be 
distinguished. All previously mentioned trends can be noticed for both materials. Overall, higher forces can be seen 
for PPA GF33, in comparison with PPS GF40. 

The Stress Intensity Factors (SIF’s) solution in mode I (KI) are defined as follows: 

 𝐾𝐾𝐼𝐼 = 𝜎𝜎√𝜋𝜋𝜋𝜋 ∙ 𝐹𝐹(𝜋𝜋 𝑏𝑏⁄ ) (1) 

In formula (1), σ is the applied stress and F(a/b) is a geometrical function that depends on notch length/depth (a) 
and the width of SEC specimen (b). The maximum breaking force was used to compute the applied stress. For the 
geometrical function, many variations can be observed in the literature. In this study, the following formula was used: 

 𝐹𝐹(𝜋𝜋 𝑏𝑏⁄ ) = √2𝑏𝑏 𝜋𝜋𝜋𝜋⁄ ∙ 𝑡𝑡𝜋𝜋𝑡𝑡(𝜋𝜋𝜋𝜋 2𝑏𝑏⁄ ) ∙ 0.752 + 2.020 ∙ (𝜋𝜋 𝑏𝑏⁄ ) + 0.370 ∙ (1 − 𝑠𝑠𝑠𝑠𝑡𝑡(𝜋𝜋𝜋𝜋 2𝑏𝑏⁄ ))3
𝑐𝑐𝑐𝑐𝑠𝑠(𝜋𝜋𝜋𝜋 2𝑏𝑏⁄ )  (2) 

The formula references derive from Tada, Paris and Irwin (2000), they suggested that relation (2) applies also for 
anisotropic materials in order to estimate the stress intensity factors. Based on the breaking force, the fracture 
toughness (KIc) was computed for different orientations. The obtained results are presented in Fig. 5 for both materials. 

The influence of fiber orientation relative to crack orientation can be noticed for both materials and thicknesses. A 
decrease in fracture toughness with the decrease in orientation angle can be distinguished. This outcome is due to the 
higher degree of energy required by the crack to develop at 90° in order to fracture, split and pull the fibers. For the 
0°, the crack develops through the matrix and the fibers have a lower contribution. 

The amplitude of the orientation decrease is dependent on the material thickness. This situation is explained by the 
level of isotropy in the specimens. The 3.2 mm thick specimens are closer to an isotropic behavior than the 2.0 mm 
specimens. This aspect occurs due to the injection molding process that will align the fibers in a more uniform direction 
if the thickness is smaller, Amjadi and Fatemi (2020). 

 

 

Fig. 5. Fracture toughness function of orientation and thickness. 
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With the increase of material thickness, a smoothing effect of the fracture toughness along the orientation (the 
variation in between 0° and 90° orientation is smaller for the 3.20 mm thick specimens) can be distinguished. The 
difference between the 0° and 90° orientation will decrease and will tend to converge to a single value (similar to an 
isotropic material), if the thickness increases further. For both materials, the average fracture toughness (computed 
using the 0°, 45° and 90° orientation) has similar values regardless of the thickness (PPA GF33: for 2.0 mm thickness, 
the value is 13.04 MPa√m and for 3.2 mm thickness, the value is 12.57 MPa√m; PPS GF40: for 2.0 mm thickness, 
the value is 7.11 MPa√m and for 3.2 mm thickness, the value is 7.97 MPa√m). Based on these values, it can be 
concluded that the fracture toughness tends to flatten out around the average value obtained using the 0°, 45° and 90° 
orientation with the increase of material thickness. 

The orientation effect is much stronger for higher fracture of glass fiber content. This can be seen especially for the 
PPS GF40, when considering the 2.0 mm thickness. The values obtained for the 0° and 45°orientation are much closer. 
A significant increase for the 90° orientation can be noticed afterwards. For both materials, the predictions arising 
from 2.0 mm thick specimens do not coincide with the ones arising from 3.2 mm. For PPA GF33, an overlap at 45° 
orientation can be noticed. This statement is not valid for PPS GF40, the value at 3.2 mm is approximately two times 
higher, compared to the value at 2.0 mm (8.3 MPa√m, compared to 4.3 MPa√m). The fracture toughness will be 
higher for 3.2 mm thick specimens, at 0° and 45° orientation and lower for 90° orientation, in comparison with 2.0 
mm thick specimens. 

Equation (3) was used to predict and compare the fracture toughness at 45° orientation, based on the 0° and 90° 
values. The formula is raised in (Kfouri 1996). 

 
1

𝐾𝐾𝐼𝐼𝐼𝐼(𝜃𝜃)2
= cos2 𝜃𝜃
𝐾𝐾𝐼𝐼𝐼𝐼(0°)2

+ 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃
𝐾𝐾𝐼𝐼𝐼𝐼(90°)2

 (3) 

The results are presented in Table 2. Different results for the two materials were obtained. In the case of PPA GF33, 
the results match precisely with the values obtained using equation (1). Differences of 2% - 3% can be seen for both 
thicknesses. For PPS GF40, the prediction is not reliable. For 2.0 mm thickness, an overestimation of 23% can be 
distinguished. For 3.2 mm thickness, an underestimation of 15% can be distinguished. 

Table 2. Fracture toughness comparison for 45° orientation. 

Material Thickness 
[mm] 

Eq. (1) 
[MPa√m] 

Eq. (3) 
[MPa√m] 

Difference 
[%] 

PPA GF33 2.0 11.9 12.1 2% 
 3.2 12.2 12.6 3% 
PPS GF40 2.0 4.3 5.3 23% 
 3.2 8.3 7.1 -15% 

 

4. Conclusions and discussions 

The current paper investigated the effects of thickness and orientation of two short fiber reinforced polymers (PPA 
GF33 and PPS GF40) on fracture toughness. In this direction, a set of tensile tests on SEC specimens were performed 
to determine the breaking force. An analytical approach was used to determine the fracture toughness of the materials 
based on the test results. 

The main conclusions that can be deduced from this study are the following: 
• The results in terms of breaking force have a relatively high spread. The notch was manually cut using a 

vertical bandsaw machine, that led to an inconsistent and irregular crack on all specimens. Nevertheless, both 
effects of thickness and orientation can be noticed in terms of reaction forces for both materials. 

• Increasing the material thickness of the specimen will lead to uneven change in fracture toughness at different 
orientations. For 0° and 45° orientations, an increase in fracture toughness can be identified, opposite to the 
case for 90° orientation, where a decrease trend can be observed. This phenomenon is similar for both 
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materials. A higher thickness of the material will tend to flatten the curve around the average value. 
Considering the plain strain theory for the fracture toughness, an increase in thickness should provide lower 
values. For this type of materials, an increase in thickness will be followed by a differential change in material 
properties at different orientations (check Table 1 for values). Therefore, there is an inconsistent decrease in 
fracture toughness when comparing the results obtained for 2.0 mm and 3.2 mm. 

• The trend of the fracture toughness is to increase with the increase in orientation angle. This aspect occurs 
regardless of thickness. The orientation effect has a substantial contribution for the specimens with 2.0 mm 
thickness, in comparison with the 3.2 mm thickness specimens. This remark is especially visible for PPS GF40. 
The values obtained at 0° and 45° orientations are particularly similar. 

• As a general tendency, by increasing the specimen thickness, the amount of anisotropy (KIc,90 - KIc,0) is 
decreasing for both materials. 
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Abstract 

The selective laser sintering process is considered to be a new process among the most innovative techniques in the 
field of additive manufacturing, to facilitate the development and the technical improvement of this process, Thermo-
mechanical investigation is necessary to control the SLS process, in this paper a thermo-mechanical simulation of 
selective laser sintering of polyamide 12 will be presented., this thermo-mechanical simulation was made under the 
COMSOL Multiphysics software, using Hook's law with the equilibrium and accounting equations for the calculation 
of the residual stresses appearing in the sintered layer of polyamide 12, this simulation was made for the prevention 
of deformations appeared in the final printed parts. The calculation of von Mises stress and the calculation of the 
magnitude of displacement within a sintered layer of polyamide 12 was done, with the analysis of the volumetric strain 
and the calculation of the volume: stress tensors, principal strain directions. 
 
Keywords: Thermo-mechanical simulation, Polyamide12, Non linear Mechanical Model, Selective Laser Sintering, Stress, strains. 

1. Introduction 
An additive manufacturing process called Selective Laser Sintering (SLS) uses a laser to selectively fuse layers of 
polyamide 12 powder to quickly produce plastic parts directly from a CAD model Amado A.all (2016), Dong, L.all 
(2007),(2009), Elham.all (2020), Li J (2020), Nevertheless, a melting of the powder layer or thermal stresses caused 
by large temperature gradients during part construction can lead to residual stresses and defects in SLS parts, Ganci 
M. all (2017), Nelson, J.all (1993), Xiaoyong (2018), Paolucci F, (2020), Mechanical models of SLS process are rarely 
found in the literature Roberto.all (2021), To ensure the quality of part production and to enable the use of new 
materials and designs, without resorting to experimental needs, an accurate thermo-mechanical model of the SLS 
process is required. In this article, mechanical analysis of the polyamide 12 layer during the laser sintering is carried 
out using the COMSOL Multiphysics software. a transient three-dimensional finite element thermo-mechanical model 
is created, in this paper, the results of the mechanical analyses of the polyamide layer sintered by CO2 laser will be 
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presented. 
 
II. Mechanical Modelling 
Solving a thermal problem in the selective laser sintering of polyamide 12 has already been done in our previous 
articles Yaagoubi.all (2019,2020,2021,2022) , the objective  in this study is to solve a mechanical problem amounts 
to determining the displacement field responding to equilibrium equations and the law of behavior while taking into 
account the different boundary conditions ,these conditions can be a constraint or an imposed displacement, The 
equilibrium equations of static coupled with the divergence theorem allow us to obtain Roberto.all (2021): 
Nomenclature 

SLS Selective laser sintering  
PA12 polyamide 12 
εe Elastic strains 
εp Inelastic strains  
E Young's modulus 
v Poisson rate 
FE    Finite Element  
AM Additive Manufacturing  

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑢𝑢) + 𝑓𝑓 = 0                                                                                                                                                                           (1) 

 
With: 

- σ: symmetric second-order tensor of Cauchy constraints 
- f: vector of internal volume forces. 

The boundary conditions as for them, depend on the modelled case. By considering that the strains are infinitesimal, 
it is possible to use the assumption of additive partition to describe the constitutive laws. 
Thus, the tensor of the deformations follows the following equation, Roberto.all (2021): 
 
  ε = εe + εvp + εp+ εth+ εpt                                                                                                                                                               (2) 

                            

With εe, εvp , εp , the elastic and inelastic strains respectively, and εth the strain caused by volume changes due to 
temperature and phase changes. This can be defined using the following formula, Paolucci F.all (2020): 
 
εth =𝛽𝛽∆𝑇𝑇                                                                                                                                                                      (3) 
 
Where β is the coefficient of thermal expansion of polyamide. 

Table 1. Model parameters using in COMSOL software (yaagoubi.all (2021)) 

                                  Material property                                                                  Value                   
                                           E Young's modulus                                                  2. 109 Pa   
                                           Poisson rate v                                                                        0.3 
                                           Density ρ                                                                          1030 kg/ m3 
                                           Heat capacity Cp                                                                   1090 J/kg/K 
                                           Thermal conductivity Ke                                                  0.28 W / m k 
                                           Power of laser P                                                                      1.8 W              
                                           Temperature Prehating T0                                                   130C° 
                                           Convection coefficient h                                                   15 j/sm²k 
                                           Laser radius                                                                      1.2 10-4 m 
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III. Result & Discussion 

Figure 1 The maximum temperature within a layer of polyamide 12 (K)                            Figure 2                  Mesh 

The plate is considered to be thick and therefore in a state of plane strain. A layer of polyamide 12 is modelled with a 
size of 0.001 m ˣ 0.001 m ˣ 0.00005 m heated by a laser spot with a radius of 1.2 10-4 m (figure 1), the coefficients of 
the physical properties are constant. The physical properties are shown in Table 1 and the mesh statistic are shown in 
Table 2. 
                                                                            Table 2. Mesh statistics 

Mesh statistics  
Description  Value  

Minimum element quality  0.2186  
Average element quality  0.7054  
Tetrahedron  96179  
Triangle  13268  
Edge element  452  
Vertex element  12  

      
Figure 1 shows the maximum temperature within a layer of polyamide 12 which is equal to 445K (170C°) for an 
instant t =1us, with a preheating temperature of 403K (130C°), this layer is heated by a CO2 laser 1.8W. The geometry 
of the investigated part is illustrated in Fig. 2 with mesh using a solid mechanics module integrated into COMSOL 
Multiphysics software.            

Figure 3  Calculation of von Mises stress                                                                     Figure 4 Calculation of the magnitude of displacement (m) 
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  Figure 3 shows the design stress of von Mise stress in a layer of polyamide 12 after laser projection, this value is 
equal to 2.5 108  N/m².   
 Figure 4 shows the magnitude of displacements within a layer of polyamide 12 which is equal to 45 10-6 m. 

         
Figure 5 Calculation of displacement on the arc length of the spot laser (m)                Figure 6   Calculation of stored energy density (N/m²) 

        
Figure 7           Calculation of the volumetric strain                                                       Figure 8   Calculation of the volume: stress tensor, z  
                                                                                                                                   component (N/m²) 
 
Figure 5 shows analyses of displacement on the arc length of the spot laser. Figure 6 shows the calculation of stored 
energy density (N/m²) which is equal to 6 107 N/m² Figure 7 shows the calculation of the volumetric strain which is 
equal to 0.2, figure 8 shows the calculation of the volume: stress tensor, z component (N/m²). Which is equal to 
6 108 N/m². 
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Figure 9   Calculation of the volume: stress tensor, x component (N/m²)              Figure 10 Calculation of the volume of von Mises stress (N/m²) 

         
Figure 11       Calculation of the volume: stress tensor, y component   (N/m²)                      Figure 12 Calculation of the volume: direction of 
                                                                                                                                          principal strain direction 1, component X. 

 
Figure 9 shows the calculation of the volume: stress tensor, x component, which is equal to 5, 108 N/m². Figure 10 
shows the calculation of the volume of von Mises stress which is equal to 3.5 108 N/m², figure 11 shows 
the calculation of volume: stress tensor, y component which is equal to 5 108 N/m². Figure 12 shows the calculation 
of volume: direction of principal strain direction 1, component X. which is equal to 0.8. 
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Figure 13   Calculation of the volume: principal strain direction 1, y component       Figure 14   Calculation of the volume: principal strain 
direction 1, z component 
 

         

  Figure 15 volume: Elastic strain energy density(j/m3)                             Figure 16 Volume: Stress tensor, Gauss point evaluation  

          Component                                                                                                                                         x (j/ m3) 

 
Figure 13 shows the calculation of volume: principal strain direction 1, y component that is equal to 0.8 figure 14 
shows the calculation of volume: principal strain direction 1, z component that is equal to 0.8 Figure 15 shows 
the calculation of volume: Elastic strain energy density which is equal to 6 107 j/ m3. Figure 16 shows volume 
calculation: Stress tensor, Gauss point evaluation component, which is equal to 5 108 J/ m3.                                                                                                          
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         Figure 17   Volume calculation: Stress tensor,                                               Figure 18 Volume calculation : Stress tensor,z component  
          Gauss point evaluation, Y component (J/ m3).                                                                    (N/m²) stresses, Z component (J/ m3) 
 
After our analysis, we remark when the temperature decreases the magnitude of displacement and the stress of von 
Mises also decreases. In our results, the von Mises stresses and the magnitude of displacement in a polyamide 12 layer 
heated by a CO2 laser was calculated using the COMSOL V5.6 software. The proposed simulation is extremely 
valuable as it provides a fast and accurate prediction of the stress state in construction. This modelling aims to predict 
the stresses in the polyamide 12 layer. The proposed thermo-mechanical simulation will be validated by experimental 
work in the future. This study shows that thermal stresses appear during the laser projection; in particular when the 
laser beam heats the surface, as known the thermal stresses are in compression (negative values) due to the thermal 
expansion of the upper part of the layer and during cooling, the thermal stresses become in tension (positive values) 
due to removal of the upper part Elham.all (2020), The normal stress component (σyy) (Fig 17) and the longitudinal 
stress components (σxx) is small compared to transverse (σzz) stress components; we show the numerical results of 
the longitudinal (σxx) and transverse transient (σzz) stresses over the surface (Fig. 16, 18), the maximum values during 
the time history (1us) are 5 108 (j/ m3) for the longitudinal direction and 6 108 (j/ m3) for the transverse direction 
transforming into compressive stresses at approximately 0.8 mm deep (Fig. 12).         
 
IV. Conclusion 
 
A physics-based numerical model is proposed to quickly and accurately calculation the stress state and displacement 
in the additively manufactured part (selective laser sintering of polyamide12, the high computational efficiency of the 
proposed model makes it a powerful and useful tool for the development of new materials, creation of the new designs, 
it also allows effective control and optimization of the process parameters to obtain a produced part with high quality. 
In this modelling, the state of stress is obtained by importing the thermal history as input for residual stress prediction 
in which in-plane residual stress distributions are obtained from the incremental plasticity and kinematic work 
hardening behaviour of polyamide12, in coupling with equilibrium and compatibility conditions integrated in 
mechanics solid module in the COMSOL Multiphysics software. As the rapid irradiation of the laser and the rather 
low thermal conductivity of the polyamide material, this material undergoes a high-temperature gradient. In this work, 
the displacement magnitude field is predicted in the polyamide 12 layer, with a calculation of von Mises stresses and 
different residual stresses, this thermo-mechanical simulation will be used to reduce the deformations that appeared 
in the final part produced by the SLS process.    
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Abstract 

The necessity to alter the material used for producing specific components has arisen in tandem with technological 
advancements, specifically in the realm of additive manufacturing. The aim is to enhance both the physical and 
mechanical attributes of these objects. The newly envisaged materials are anticipated to confer increased durability, 
resilience, and in some cases, elasticity, thus extending the lifespan and bolstering their utility. Furthermore, 
environmental considerations dictate that these innovative materials should be amenable to recycling. The ultimate 
objective of this study is to establish a foundational set of optimal parameters for 3D printing with PVA material. This 
research will unveil the outcomes of material tensile strength in samples produced using the Fused Deposition 
Modelling (FDM) technique, with variations in layer height. The focal point of this investigation is PVA material, 
which will subsequently be augmented with particles of biological origin to create a novel polymer with broader 
applicability and improved mechanical properties, following future tests. 
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1. Introduction 

Anciently utilized items have found a lasting presence in our contemporary lives thanks to innovative modern 
materials. Polymers have revolutionized the manufacturing of objects once crafted from wood, transforming them into 
plastic forms. While numerous scientific studies have delved into the mechanical properties of various filaments, the 
practice of employing PVA material in conjunction with FDM technology remains relatively uncommon. FDM, stands 
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as one of the earliest 3D printing techniques, involving the extrusion and fusion of materials through a nozzle to 
construct three-dimensional objects. Typically, FDM leverages polymer-based filaments, with PLA, PETG, and ABS 
being the most prevalent choices, rendering PVA an unconventional option for FDM printing. Consequently, this 
research aims to lay the foundation for enhancing the suitability of PVA material for FDM printing. PVA material 
boasts versatility and finds extensive applications, particularly in the fields of medicine and agriculture (Li, H. et al., 
2020). Use of PVA material in medical applications, more precisely in the pharmaceutical industry, since the CAD 
design ensures the opportunity to add drug-releasing holes into the surface of the carrier, produced from PVA material 
(Basa B, et al., 2021). PVA is characterized by its hydrophilic nature and exhibits a semi-crystalline planar zig-zag 
structure (Khoramabadi, N. et al., 2020). Furthermore, PVA demonstrates exceptional chemical and thermal stability, 
resisting degradation within most physiological settings. Its water-soluble properties, enhanced polarity, non-toxicity, 
and high biocompatibility render it easily workable. PVA material holds great promise for crafting biodegradable 
films, though its water-solubility remains a challenge in FDM printing, except in specific cases involving dual-head 
printers where PVA serves as a support material.  

As highlighted in the abstract, this paper’s objective is to assess FDM-printed PVA specimens to determine the 
maximum force threshold. These findings are poised to significantly influence future research endeavors, potentially 
leading to the development of new bio-polymers derived from PVA material. 

In the course of printing test specimens, adjustments were made to the layer thickness, while maintaining constant 
parameters such as the head and bed temperatures, as well as the specimen’s orientation. Table 1. Show the printing 
parameters that were pre-set in the software, which include printing velocity, bed temperature, and head temperature. 

 
Table 1. Pre-defined parameters. 

Head temperature (֯C) Bed temperature (֯C) Specimen orientation Printing speed (mm/s) 

210  30  90 ֯ 30  
210  30  90 ֯ 30  

210  30  90 ֯ 30 

 
 
Table 2. shows the defined values for variable parameters for each number of test parameters.  
 

Table 2. Variable parameters for each number of tests. 
Number of tests Layer height (mm) 

1 0.1  
2 0.15  

3 0.2 

 

2. Specimen preparation 

The PVA material’s susceptibility to instability during FDM printing is evident through increased moisture 
absorption when exposed to the air for extended periods, resulting in altered mechanical properties. To mitigate this, 
the material was consistently maintained under similar conditions throughout the testing process. During printing, the 
filament was stored in a Polybox to maintain a controlled atmosphere. Overnight, the material was subjected to drying 
at a temperature of 40 degrees Celsius between 6 p.m. and 7:30 a.m. (Šibalić, 2022). 

 The specimens were printed according to the ISO 527-1:2019 standard, orientation remained consistent to ensure 
accurate testing, with a focus on determining the maximum force required for the specimen layers to delaminate. As 
illustrated in Figure 1, the specimens were 3D printed with their layers aligned parallel to the printing bed (the only 
printing angle that was considered for the testing is 0°). Layer separation, which was observed in this research, referred 
to as delamination, is a 3D printing issue involving poor layer adhesion.  
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as one of the earliest 3D printing techniques, involving the extrusion and fusion of materials through a nozzle to 
construct three-dimensional objects. Typically, FDM leverages polymer-based filaments, with PLA, PETG, and ABS 
being the most prevalent choices, rendering PVA an unconventional option for FDM printing. Consequently, this 
research aims to lay the foundation for enhancing the suitability of PVA material for FDM printing. PVA material 
boasts versatility and finds extensive applications, particularly in the fields of medicine and agriculture (Li, H. et al., 
2020). Use of PVA material in medical applications, more precisely in the pharmaceutical industry, since the CAD 
design ensures the opportunity to add drug-releasing holes into the surface of the carrier, produced from PVA material 
(Basa B, et al., 2021). PVA is characterized by its hydrophilic nature and exhibits a semi-crystalline planar zig-zag 
structure (Khoramabadi, N. et al., 2020). Furthermore, PVA demonstrates exceptional chemical and thermal stability, 
resisting degradation within most physiological settings. Its water-soluble properties, enhanced polarity, non-toxicity, 
and high biocompatibility render it easily workable. PVA material holds great promise for crafting biodegradable 
films, though its water-solubility remains a challenge in FDM printing, except in specific cases involving dual-head 
printers where PVA serves as a support material.  

As highlighted in the abstract, this paper’s objective is to assess FDM-printed PVA specimens to determine the 
maximum force threshold. These findings are poised to significantly influence future research endeavors, potentially 
leading to the development of new bio-polymers derived from PVA material. 

In the course of printing test specimens, adjustments were made to the layer thickness, while maintaining constant 
parameters such as the head and bed temperatures, as well as the specimen’s orientation. Table 1. Show the printing 
parameters that were pre-set in the software, which include printing velocity, bed temperature, and head temperature. 
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a) 

Fig. 1. Specimen orientation 

3. Results 

Testing of the adhesion strength between the layers was performed on a stretching machine while the results were 
digitally recorded and read from the desktop.  

Table 3 shows the force values for the layer height of 0.1 mm. For this layer height, five specimens were tested 
and the maximum force obtained in this case was 118.7113 N. 

 
Table 3. Obtained values for layer height = 0.1 mm. 

Specimen number [n] Force [N] 

1.1 111.9711 

1.2 118.7113 

1.3 112.5498 

1.4 116.5833 

1.5 111.7161 

 
The next five specimens that were tested, were for layer height of 0.15 mm. In this case, the force was significantly 

lower, and the results are shown in Table 4.  
   

Table 4. Obtained values for layer height = 0.15 mm. 
Specimen number [n] Force [N] 

2.1 88.3261 

2.2 86.5460 

2.3 90.2472 

2.4 98.274 

2.5 93.9943 

 
The last five specimens that were tested were for layer height of 0.2 mm. The maximum force obtained in this 

case is also the overall maximum force, which has the value of 133.1641 N and is shown in Table 5.  
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Table 5. Obtained values for layer height = 0.2 mm. 
Specimen number [n] Force [N] 

3.1 128.9865 

3.2 133.1641 

3.3 123.4704 

3.4 125.3571 

3.5 132.9238 

4. Conclusion 

The objective of this study is to assess the PVA material’s performance using different FDM 3D printing 
parameters. This is intended to establish a baseline for the development of a novel biodegradable material. Based on 
the findings presented in Tables 3 to 5, it is evident that the maximum force (F) of 133.1641 N is achieved when the 
layer height is set at 0.2 mm.  

Subsequent investigations will explore the variation of other interrelated parameters to determine the ultimate set 
of optimal conditions at which the mechanical properties of FDM 3D printed PVA material are optimized.  
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