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Abstract. Additive manufacturing (AM) has been widely used for rapid prototyping (RP) 
techniques due to its low cost and customizability. This technique allows for rapid and competitive 
price production compared to conventional manufacturing. However, pieces fabricated with the 
AM technique usually possess poor mechanical and surface properties compared to the injection 
molding technique. Based on COALIA's recent patent, a thermal treatment approach was used to 
improve the performance of printed parts. In this study, acrylonitrile-butadiene-styrene (ABS) was 
printed using fused deposition modeling (FDM) with and without heat treatment at 35 mm/s of 
printing speed. The physical and mechanical properties of printed ABS parts were then 
investigated. Tensile tests were performed to investigate the tensile strength, elastic modulus, and 
elongation at break. After tensile tests, X-ray microtomography was conducted to evaluate the 
surface morphologies. An optical profilometer analysis was also used to measure the surface 
roughness.  
Introduction 
In recent years, 3D printing also known as additive manufacturing (AM) has gained interest in 
various manufacturing industries due to its low cost, rapid production, and customizability [1-3]. 
AM technology has been developing dramatically in industrial applications such as automotive 
and aircraft interiors [4]. This technology allows for the creation of products by building layers of 
materials directly from 3D computer-aided design (CAD) software without needing a die or mold 
compared to conventional manufacturing [5]. In addition, AM technology can produce parts with 
a lattice structure leading to lower the weight of an aircraft and increasing its fuel efficiency [6,7]. 
There are numerous 3D printing technologies available to print a wide range of materials including 
polymers, metals, liquid resin, ceramics, and combinations of these [3,8]. However, fused 
deposition modeling (FDM) is the most widely used technique to extrude thermoplastic polymer 
filament for both functional and non-functional industrial applications [9,10]. Recently, the FDM 
technique has popular in 3D printing technology as rapid prototyping, ease of use, and low-cost 
technique when compared to other techniques. Moreover, this technique can produce complex 
geometries. In general, the principle of the FDM technique consists of heating and extruding 
filaments through a nozzle. Specifically, the continuous thermoplastic filaments are pushed toward 
the extrusion head to precisely regulate the feeding and retracting of filaments. A heating element 
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and a nozzle are then used to heat and extrude the filament layer by layer. Finally, each printed 
layer is fused to produce 3D parts in a platform as shown in Fig. 1a. 

Thermoplastic polymers are the main materials for the FDM technique, including polylactic 
acid (PLA), polycarbonate (PC), acrylonitrile butadiene styrene (ABS), polyethylene terephthalate 
(PET), and nylon. ABS is, however, the most widely used due to its low cost, high-impact strength, 
high durability, and interesting applications [11]. In contrast, shrinkage and warping are the main 
problems of ABS during the printing process. These drawbacks of ABS can be attributed to its 
high printing temperature and high coefficient of thermal expansion (CTE) [3,12,13]. Furthermore, 
some limitations of materials printed with the FDM technique are poor interlayer strength, inferior 
mechanical properties, high porosity, and voids [14].  Many previous studies revealed that 
changing printing parameters such as raster angle, nozzle size and temperature, printing speed, bed 
temperature, and layer height could enhance the mechanical properties of printed ABS parts [15]. 
In particular, a good interlayer is key to obtaining superior mechanical properties. Recently, 
several studies have concluded that heat treatment during and after the printing process can 
improve the quality of the final printed parts. Singh and al. (2019) [10] indicated that heat treatment 
during the printing process could enhance the mechanical and surface properties of printed ABS 
parts. A heat treatment approach was conducted in an air-convection electric oven by controlling 
different temperatures of 105, 115, and 125oC. It can be concluded that heat treatment of ABS 
parts above its glass transition temperature (Tg) enhanced material reflow. The results showed that 
surface roughness was decreased by increasing the heat temperature treatment. In addition, better 
tensile and flexural strength was observed at an annealing temperature of 125°C. Hart et al. (2018) 
[16] reported that the post-process heat treatment improved fracture roughness between printed 
layers. As a result, the interlayer fracture toughness of printed ABS parts with heat treatment 
increased to 2700% compared to printed parts without heat treatment. In addition, polymer 
reptation and mobility at the interface were also investigated using X-ray tomography to more 
explain the toughening mechanisms of treated ABS parts. Sharing the same point of view, Rane et 
al. (2020) [17] also revealed that post-thermal treatment increased 89% the tensile strength of 
printed ABS parts. However, the dimensional inaccuracy of parts with post-thermal treatment is 
the main limitation due to undesirable residual stresses from the print process. 

In this study, a radiant heating system was developed based on our previous studies to evaluate 
the effect of thermal treatment during printing on interlayer strength, mechanical, and 
microstructure properties of printed ABS parts [18-20]. The preliminary investigations were 
conducted with different thermal treatments (220, 240, 260, 270, and 280oC). Tensile tests were 
then performed to investigate the tensile strength, modulus, and elongation at break of printed ABS 
parts with and without thermal treatment. Various analyses such as optical microscopy and optical 
profilometer were also conducted to evaluate the surface morphologies and roughness. 
Experimental methods 
Materials 
Amorphous thermoplastic acrylonitrile-butadiene-styrene (ABS M30 Ivory) filaments (Stratasys 
Inc., MN, USA) with a nominal diameter of 1.75 mm, a density of 1.05 g/cm3, and a glass transition 
temperature of 105oC were used to print 3D parts of specimens. 
 
Printing parameters 
Before printing, ABS filaments were dried at 80oC for 8 hours in an oven and they were then kept 
in a conditioned room at 75ºC to remove moisture. The FDM Prusa Mk3s+ printer was used to 
print ABS specimens. Type IV specimens were printed along Z-X axes with dimensions according 
to ASTM D638 [21] as shown in Fig.1b.  
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Fig. 1. a) Principle of the fused deposition modeling (FDM) technique with a radiant heating 
(adapted from [3]) and b) Printed ABS specimens 

In this study, a radiant heating system coupled with the Prusa Mk3s+ printer (Fig. 1a) was used 
to evaluate the effect of thermal treatment on mechanical and microstructure properties of printed 
ABS parts. The printing process consists of five main stages (i) 1st heating materials, (ii) 1st 

extruding a portion of heated materials, (iii) creating a layer of deposition, (iv) 2nd heating a portion 
of the deposition layer by the radiant system, and (v) 2nd extruding a portion of heated materials to 
create a new layer of deposition. The nozzle and radiant heating temperatures were 295oC and 
240oC, respectively, with a printing speed of 35 mm/s. The printing parameters were selected based 
on our previous studies [18,19] as shown in Table 1. The terms ''treated'' and ''untreated'' specimens 
in this study refer to ABS specimens printed with and without a radiant heating system, 
respectively. 

 
Characterization methods 
Tensile tests 
The tensile test, using dog-bone specimens (Fig. 1b), was performed on a universal testing machine 
(Zwick/Roell Z030) at 23oC and 50% relative humidity. A load cell of 30 kN and a rate of 5 
mm/min were applied to evaluate the tensile strength of ABS printed with and without a radiant 
system. After five replicates, the stress-strain curves of treated and untreated ABS were then 
recorded. The average of tensile strength, modulus, elongation at break, and standard deviation 
were reported. 
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Table 1. Printing parameters used to untreated and treated ABS parts. 

Parameters Values 
Nozzle diameter  0.6 [mm] 
Nozzle temperature 295 [oC] 
Bed temperature 100 [oC] 
Radiant heating temperature 240 [oC] (only for treated sample) 
Extrusion factor 0.98 
Layer thickness 0.2 [mm] 
Infill line direction Z-direction (0oC) 
Infill density 100 [%] 
Printing speed 35 [mm.s-1] 

 
X-ray microtomography (µ-CT) 
X-ray microtomography (µ-CT), a non-destructive imaging, is used to investigate the porosity and 
distribution of voids in materials. In the current study, the µ-CT analysis was conducted using a 
ZEISS Xradia 520 Versa 3D X-ray microscope at a voltage of 60 kV. The fractured samples after 
tensile tests were scanned to provide 2D radiographs. The image reconstruction Dragonfly 
software with tomographic data was applied for 3D visualization and analysis. Three replicates 
were performed to calculate the porosity of ABS printed with and without a radiant system. 
 
Optical profilometry (OP) analysis 
The effect of thermal treatment during printing on the surface roughness of printed ABS parts was 
investigated using an optical profilometer (Polytec micro view®+). In this study, fractured samples 
after tensile tests received 5 nm of a palladium-gold coating before analysis to enhance the 
reflectivity of samples. A non-contact optical method, white light interferometry, was used to 
measure surface height and profile on 3D structures. Three replicates were performed to 
investigate the surface roughness of untreated and treated samples. 

 
Results and discussions 
Mechanical properties 
Figure 2 shows the typical stress-strain curves of untreated and treated printed ABS samples after 
five replicates. The results indicate a brittle fracture behavior for both untreated and treated 
samples. In addition, Figs. 1A, 2A, and 3A present the average tensile strength, elastic modulus, 
and elongation at break along with standard deviations of untreated and treated samples, 
respectively. It should be noted that preliminary tests with different thermal treatments of 220, 
240, 260, 270, and 280oC were performed to determine the optimal thermal treatment of 240oC. 
These results were similar to our previous study [18] and can be found in supplementary data 
(Appendix A). As a result, the average tensile strength, elastic modulus, and elongation at break 
of the untreated sample were 19.0 MPa, 1921 MPa, and 1.0%, respectively. Contrariwise, the 
average tensile strength, elastic modulus, and elongation at break of the treated sample increased 
up to 30.7 MPa, 2028 MPa, and 2.1%, respectively, due to the thermal treatment. In other words, 
the radiant heating system can improve 62% in tensile strength, 6% in elastic modulus, and 110% 
in elongation at break. This observation manifested that radiant heating increased the mobility and 
thermal energy of polymer chains. Layers fused once achieved enough thermal energy, resulting 
in enhancing mechanical properties. It should be noted that the optimal heat treatment was 240oC. 
Contrariwise, higher heat treatments (260, 270, and 280oC) could degrade the interlayer surface, 
leading to reduced mechanical properties (Appendix A). 
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Fig. 2. Stress-strain curves of a) untreated and b) treated ABS samples 
 

Microstructural properties 
µ-CT analysis was conducted on fractured untreated and treated ABS samples after tensile tests to 
investigate the degree of porosity. As illustrated, Fig. 3 presents a typical µ-CT image for both 
untreated and treated samples. The reconstructed volume data was generated using Dragonfly 
software coupled with tomographic data. The results indicate that porosity was found to be 3% 
and 1.6% in untreated and treated samples, respectively. According to the findings, the heat 
treatment could reduce porosity contents leading to enhanced mechanical strength of the treated 
sample. 
 

 
 
 
 
 
 
 
 
 

Fig. 3. µ-CT images of a) untreated and b) treated ABS samples 
 
Surface roughness properties 
The surface roughness plays a key role in assessing the material's performance. Surface 
irregularities may result in fractures or material deterioration. In general, area and profile 
roughness are the two main parameters evaluating the surface roughness of materials. The 
roughness average (Sa) and the root mean square (Sq) are used to define area roughness. On the 
other hand, the roughness average (Ra) and the root mean square (Rq) determine the profile 
roughness. Figure 4 shows the area roughness of untreated and treated ABS samples. Moreover, 
the profile roughness of the untreated and treated ABS samples was calculated by drawing two-
dimensional lines I-I and II-II, respectively. In the current study, the surface data was generated 
using a Gaussian filter which area and profile roughness were determined according to ISO 25178 
[22] and ISO 21920 [23] as shown in Table 2. The results revealed that both the area and profile 
roughness of treated samples were lower than those of untreated ones. The heat treatment, 
therefore, helps the surface of samples less rough than untreated ones. 
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Table 2. Surface roughness values of untreated and treated ABS samples. 

Surface roughness Untreated sample Treated sample 
Roughness average (Sa) - Area 6.01 [µm] 4.98 [µm] 
Root mean square (Sq) - Area 9.14 [µm] 7.42 [µm] 
Roughness average (Ra) - Profile 2.21 [µm] 1.78 [µm] 
Root mean square (Rq) - Profile 2.87 [µm] 2.39 [µm] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Surface roughness of a) untreated and b) treated ABS samples 
 

Conclusions 
Acrylonitrile butadiene styrene (ABS) is the most widely used in the fused deposition modeling 
(FDM) technique due to its low cost, high-impact strength, high durability, and interesting 
applications. Contrariwise, shrinkage and warping are the main problems of ABS during the 
printing process. In this study, thermal treatment using a radiant heating system was investigated 
to evaluate the microstructural, mechanical properties, and surface roughness of printed ABS parts. 
The thermal treatment at 240oC and printing speed at 35 mm/s were chosen as optimal printing 
parameters. The following conclusions may be drawn: 

1. The mechanical properties of printed ABS parts were enhanced by thermal treatment at 
240oC using a radiant heating system. Compared to untreated ones, treated samples showed 
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increases in tensile strength of 62%, elastic modulus of 6%, and elongation at break of 
110%. 

2. The heat treatment could reduce porosity contents leading to enhanced mechanical strength 
of the treated sample. The µ-CT analysis revealed that porosity was found to be 3% and 
1.6% in untreated and treated samples, respectively.  

3. The heat treatment could enhance the surface roughness of printed ABS samples. Optical 
profilometry (OP) analysis showed that untreated samples were rougher than treated ones. 

4. The finding of this study showed that thermal treatment could enhance the mechanical and 
microstructural properties of printed ABS parts. Further research on the FDM technique 
and other advanced analyses should be conducted to better understand the performance of 
printed parts. 
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Fig. 1A 
Tensile strength of printed 
ABS samples at different 
treated temperatures 

 
 
 
 
 
 
 
 
 

 
 

Fig. 2A 
Elastic modulus of printed 
ABS samples at different 
treated temperatures  
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Fig. 3A 
Elongation at break of  
printed ABS samples at  
different treated temperatures  
 

 
 
 
 
 
 
 
 
 

References 
[1] Stansbury, J.W. and Idacavage, M.J. (2016) “3D Printing with Polymers: Challenges among 
Expanding Options and Opportunities”. Dental Materials, 32, 54-64. 
https://doi.org/10.1016/j.dental.2015.09.018 
[2] Ford, S. and Despeisse, M. (2016) “Additive Manufacturing and Sustainability: An Exploratory 
Study of the Advantages and Challenges”. Journal of Cleaner Production, 137, 1573-1587. 
https://doi.org/10.1016/j.jclepro.2016.04.150 
[3] Nguyen, K. Q., Vuillaume, P. Y., Hu, L., López-Beceiro, J., Cousin, P., Elkoun, S., & Robert, 
M. (2023). “Recycled, Bio-Based, and Blended Composite Materials for 3D Printing Filament: 
Pros and Cons—A Review”. Materials Sciences and Applications, 14(3), 148-185.  doi: 
10.4236/msa.2023.143010. 
[4] Jandyal, A., Chaturvedi, I., Wazir, I., Raina, A., & Haq, M. I. U. (2022). “3D printing–A review 
of processes, materials and applications in industry 4.0”. Sustainable Operations and Computers, 
3, 33-42. https://doi.org/10.1016/j.susoc.2021.09.004 
[5] Huang, S. H., Liu, P., Mokasdar, A., & Hou, L. (2013). “Additive manufacturing and its 
societal impact: a literature review”. The International journal of advanced manufacturing 
technology, 67, 1191-1203. https://doi.org/10.1007/s00170-012-4558-5 
[6] Lim, C. W. J., Le, K. Q., Lu, Q., & Wong, C. H. (2016). “An overview of 3-D printing in 
manufacturing, aerospace, and automotive industries”. IEEE potentials, 35(4), 18-22. Doi: 
10.1109/MPOT.2016.2540098 
[7] Daly, M., Tarfaoui, M., Chihi, M., & Bouraoui, C. (2023). “FDM technology and the effect of 
printing parameters on the tensile strength of ABS parts”. The International Journal of Advanced 
Manufacturing Technology, 126(11), 5307-5323.  https://doi.org/10.1007/s00170-023-11486-y 
[8] Singh, S., Ramakrishna, S., & Singh, R. (2017). “Material issues in additive manufacturing: A 
review”. Journal of Manufacturing Processes, 25, 185-200. 
https://doi.org/10.1016/j.jmapro.2016.11.006 
[9] Garg, A., Bhattacharya, A., & Batish, A. (2016). “On surface finish and dimensional accuracy 
of FDM parts after cold vapor treatment”. Materials and Manufacturing Processes, 31(4), 522-
529. https://doi.org/10.1080/10426914.2015.1070425 
[10] Singh, S., Singh, M., Prakash, C., Gupta, M. K., Mia, M., & Singh, R. (2019). “Optimization 
and reliability analysis to improve surface quality and mechanical characteristics of heat-treated 



Material Forming - ESAFORM 2024  Materials Research Forum LLC 
Materials Research Proceedings 41 (2024) 201-209  https://doi.org/10.21741/9781644903131-22 

 

 
209 

fused filament fabricated parts”. The International Journal of Advanced Manufacturing 
Technology, 102, 1521-1536. https://doi.org/10.1007/s00170-018-03276-8 
[11] Dawoud, M., Taha, I., & Ebeid, S. J. (2016). “Mechanical behaviour of ABS: An experimental 
study using FDM and injection moulding techniques”. Journal of manufacturing Processes, 21, 
39-45. https://doi.org/10.1016/j.jmapro.2015.11.002 
[12] Weng, Z., Wang, J., Senthil, T., & Wu, L. (2016). “Mechanical and thermal properties of 
ABS/montmorillonite nanocomposites for fused deposition modeling 3D printing”. Materials & 
Design, 102, 276-283. https://doi.org/10.1016/j.matdes.2016.04.045 
[13] Choi, Y. H., Kim, C. M., Jeong, H. S., & Youn, J. H. (2016). “Influence of bed temperature 
on heat shrinkage shape error in FDM additive manufacturing of the ABS-engineering plastic”. 
World Journal of Engineering and Technology, 4(3), 186-192. Doi: 10.4236/wjet.2016.43D022 
[14] Sood, A. K., Ohdar, R. K., & Mahapatra, S. S. (2010). “Parametric appraisal of mechanical 
property of fused deposition modelling processed parts”. Materials & Design, 31(1), 287-295. 
https://doi.org/10.1016/j.matdes.2009.06.016 
[15] Rodríguez-Panes, A., Claver, J., & Camacho, A. M. (2018). “The influence of manufacturing 
parameters on the mechanical behaviour of PLA and ABS pieces manufactured by FDM: A 
comparative analysis”. Materials, 11(8), 1333. https://doi.org/10.3390/ma11081333 
[16] Hart, K. R., Dunn, R. M., Sietins, J. M., Mock, C. M. H., Mackay, M. E., & Wetzel, E. D. 
(2018). “Increased fracture toughness of additively manufactured amorphous thermoplastics via 
thermal annealing”. Polymer, 144, 192-204. https://doi.org/10.1016/j.polymer.2018.04.024 
[17] Rane, R., Kulkarni, A., Prajapati, H., Taylor, R., Jain, A., & Chen, V. (2020). “Post-process 
effects of isothermal annealing and initially applied static uniaxial loading on the ultimate tensile 
strength of fused filament fabrication parts”. Materials, 13(2), 352. 
https://doi.org/10.3390/ma13020352 
[18] A. Vachon, P.-Y. Vuillaume, L. Deschamps, L. Hu, A. Diouf Lewis, and P.-L. Marcoux, 
“COALIA Patent CA3177826, Printhead and additive manufacturing methods.” Canada, 2023. 
[Online]. Available: https://www.ic.gc.ca/opic-
cipo/cpd/eng/patent/3177826/summary.html?query=3177826&type=basic_search 
[19] Nguyen, Q. K., Vuillaume, P. Y., Hu, L., Vachon, A., Marcoux, P. L., Robert, M., & Elkoun, 
S. “Effect of in Situ Thermal Treatment on Interlayer Adhesion of 3d Printed Polyetherimide (Pei) 
Parts Produced by Fused Deposition Modeling (Fdm)”. Available at SSRN 4654854. 
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4654854 
[20] Nguyen, K. Q., Vuillaume, P. Y., Robert, M., & Elkoun, S. (2022, December). “AFM 
Analysis of 3D Printing PEI for Automotive Applications”. In Conference on Mechanical, 
Automotive and Materials Engineering (pp. 123-133). Singapore: Springer Nature Singapore. 
https://doi.org/10.1007/978-981-99-3672-4_10 
[21] ASTM D638, “Standard Test Methods for Tensile Properties of Plastics.” ASTM 
International, West Conshohocken, PA, USA, 2014 
[22] ISO 25178, “Geometrical product specifications (GPS) — Surface texture.” ISO (the 
International Organization for Standardization), 2021. 
[23] ISO 21920, “Geometrical product specifications (GPS) — Surface texture - Profile methods.” 
ISO (the International Organization for Standardization), 2021. 


	Influence of thermal treatment on surface roughness, microstructural, and mechanical properties of 3D printed ABS
	Introduction
	Experimental methods
	Results and discussions
	Conclusions
	Acknowledgments
	Appendix A (supplementary data)
	References


