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ABSTRACT
This study examines the impact of annealing on the mechanical properties of acrylonitrile butadiene styrene (ABS) parts pro-
duced using fused deposition modeling (FDM). The research investigates how different annealing temperatures (90°C, 105°C, 
and 120°C), production orientations (upright, on edge, and flat), and infill patterns influence hardness, tensile strength, and im-
pact resistance. Experiments were conducted using a Stratasys F370 printer, and samples were tested following ISO standards for 
mechanical performance. Results indicated that annealing at 90°C and 105°C generally improved hardness, tensile strength, and 
impact resistance, particularly for upright and on-edge orientations. However, annealing at 120°C led to a decrease in these prop-
erties, likely due to microstructural changes observed through scanning electron microscopy (SEM) and differential scanning 
calorimetry (DSC) analysis. The study highlights the importance of optimizing production parameters and annealing conditions 
to achieve desired mechanical properties in FDM-printed ABS parts. These findings may inform post-processing strategies for 
enhancing the reliability and performance of additive manufactured components, particularly for applications in industries uti-
lizing ABS materials for customized and prototype parts.

1   |   Introduction

In recent years, the expansion of research using 3D printing 
technology has had a tremendous impact on different industries, 
providing essential contributions to manufacturing processes 
[1]. Notably, the use of 3D printing has transformed manufac-
turing by allowing for the rapid manufacture of sophisticated 
designs, reducing production timelines for huge and complex 
items, and increasing overall efficiency [2]. Furthermore, the 
incorporation of 3D printing has expedited workflows, enabling 
real-time monitoring and automation in manufacturing facili-
ties. Recent studies also highlight its growing role in biomedical 
applications [3], energy harvesting [4], and composite reinforce-
ment via nanofillers [5], further demonstrating the versatility 
and cross-disciplinary relevance of additive manufacturing. 

Among the several 3D printing technologies available, fused 
deposition modeling (FDM) stands out, especially in the field of 
plastic material manufacturing. FDM is popular due to its ver-
satility, cost-effectiveness, and accessibility, with a wide range 
of materials available for use, including acrylonitrile butadiene 
styrene (ABS), polycarbonate (PC), PC-ABS, and ASA [6, 7].

Additive manufacturing has revolutionized the production 
of components across industries, offering unique advantages 
such as design flexibility and rapid prototyping. Understanding 
the mechanical behaviors of additively manufactured parts is 
crucial for optimizing manufacturing processes and ensuring 
component reliability. In recent studies exploring additive man-
ufacturing techniques, several investigations have examined the 
mechanical behaviors of components produced using different 
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materials and printing methodologies. Ziemian et al. [8] exam-
ined the influence of meso-structure on the tensile behavior 
and fatigue life of ABS components fabricated via melt deposi-
tion modeling, highlighting anisotropic characteristics and su-
perior fatigue performance in specific orientations. Fisher and 
Schoppner [9] focused on the fatigue behavior of Ultem 9085 
components, noting anisotropy under varying loads and the im-
pact of chemical exposure on tensile strength. Rodríguez-Panes 
et al. [10] conducted a comparative analysis of PLA and ABS fil-
ament components, revealing the significant influence of FDM 
parameters on mechanical performance. Meanwhile, Dawoud 
et  al. [11] investigated the mechanical behavior of ABS com-
ponents produced through FDM, showcasing the importance 
of parameter selection for achieving comparable properties to 
injection-molded parts. Gorski et al. [12] explored the impact of 
orientation on ABS specimens' impact strength, emphasizing 
the role of optimal orientation in enhancing mechanical prop-
erties. Additionally, Khabia and Jain [13] examined the me-
chanical properties of components printed with different FDM 
printers and ABS filaments, highlighting the significance of 
printer-filament combinations in achieving desired tensile prop-
erties. Lastly, Popescu et  al. [7] conducted a systematic litera-
ture review on polymer filaments, emphasizing the influence of 
process parameters such as layer thickness and infill width on 
tensile strength in FDM samples. These collective findings pro-
vide valuable insights into optimizing additive manufacturing 
processes for enhanced mechanical performance across vari-
ous materials and printing conditions. However, even with op-
timized processing parameters, FDM-printed parts inherently 
contain internal voids and other microstructural defects that 
can significantly diminish their tensile strength and toughness 
[7–11]. To address these issues, post-processing strategies such 
as annealing are often employed to enhance interlayer bonding 
and improve overall mechanical performance.

Post-processing techniques play a crucial role in enhancing the 
mechanical properties of 3D-printed components, offering op-
portunities to improve strength, surface finish, and dimensional 
stability. Demircali et  al. [14] investigate the effects of acetone 
post-processing on tensile strength, dimensional changes, and 
mass variation. Their results show significant enhancements in 
tensile strength, particularly at higher temperatures and longer 
exposure times, indicating the effectiveness of acetone treatment 
in altering the mechanical and physical properties of 3D-printed 
ABS parts. Following this, Seok et al. [15] delve into the mechan-
ical properties of FDM 3D-printed carbon fiber-reinforced com-
posites derived from ABS filaments under annealing conditions. 
Their study reveals that annealing improves tensile and flexural 
strengths by reducing voids and inter-fiber gaps, with the most 
notable enhancements observed in samples containing 20 wt% 

reinforced carbon fiber. Additionally, Torres et al. [16] investigate 
the optimization of annealing and vapor smoothing treatments 
on the surface roughness and tensile properties of FDM-printed 
ABS. Through comprehensive testing, they identify optimal pa-
rameters, highlighting the significant improvement in surface 
roughness through vapor smoothing and the superior enhance-
ment in tensile properties with annealing at 100°C for 60 min. 
Moreover, Singh et  al. [17] introduce a novel heat treatment 
method to enhance the mechanical and surface properties of FFF-
printed ABS components. Utilizing Taguchi experimental design, 
they optimize annealing parameters to improve surface rough-
ness, hardness, dimensional accuracy, and various mechanical 
strengths, thereby enhancing the overall quality of FFF parts. 
Butt et al. [18] explore the effects of annealing on a range of poly-
meric materials commonly used in FFF printing, including ABS 
and PLA, as well as metal-infused thermoplastics like copper-
enhanced PLA and aluminum-enhanced ASA. Their comprehen-
sive analysis reveals that while annealing significantly enhances 
the mechanical properties of semicrystalline materials like PLA 
and copper-enhanced PLA, its impact on amorphous materials 
like ABS and aluminum-enhanced ASA is comparatively limited. 
Stojković et al. [19] explored the effects of annealing parameters 
on PLA, PETG, and carbon fiber-reinforced PETG, revealing 
the significant influence of layer height on tensile strength. He 
et al. [20] investigated the mechanical and tribological properties 
of PEEK, determining optimal FDM parameters and annealing 
temperatures to enhance mechanical strength and reduce wear 
rate. Quassil et al. [21] studied the impact of printing parameters 
and annealing on the properties of 3D-printed PEI parts, empha-
sizing print speed as the most influential factor. Srinidhi et  al. 
[22] examined the mechanical properties of PETG and CFPETG 
specimens, highlighting the role of infill patterns in improving 
mechanical properties post-heat treatment. Kumar et al. [23] ex-
plored the effect of infill density on PETG and CFPETG parts, 
demonstrating significant improvements in mechanical proper-
ties, particularly at higher densities. Collectively, these studies 
provide valuable insights into optimizing additive manufacturing 
processes for enhanced mechanical performance and offer guid-
ance for producing functional parts with various materials and 
printing conditions.

In this study, ABS-M30 filament was used in the Stratasys F370 
3D printer to produce samples. Tool paths and production pa-
rameters were determined using Insight and GrabCAD software. 
Hardness measurements were taken post-production, while ten-
sile and impact tests were conducted following ISO standards. 
Annealing was performed at temperatures of 90°C, 105°C, and 
120°C, with DSC analysis assessing thermal stability and chem-
ical structure changes. Optical and SEM examinations provided 
insights into microstructural alterations induced by annealing.

2   |   Materials and Methods

The production of samples involved using ABS-M30 filament in 
the Stratasys F370 3D printer. Insight and GrabCAD software 
were utilized to slice the geometry and determine the tool paths 
and production parameters. Firstly, the necessary parameters 
for production were processed using the Insight software, fol-
lowed by slicing. Subsequently, the supports and tool paths were 
created based on the combinations of production parameters 

Summary

•	 Annealing at 90°C and 105°C improves ABS proper-
ties, but 120°C reduces strength.

•	 SEM analysis reveals reduced voids and improved 
layer fusion post-annealing.

•	 Optimized annealing improves FDM part reliability 
for industrial applications.
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4732 Polymer Engineering & Science, 2025

outlined in Table 1. Notably, all combinations exhibited visible 
raster spacing of 0.018 mm, inner raster spacing of 0.022 mm, in-
ternal raster air gap of 0.001 mm, and a layer height of 0.1778 mm. 
An illustrative example of the tool paths is provided in Figure 1.

The hardness measurements were conducted on the specimens 
after production for each combination of production parame-
ters. A Shore hardness tester was preferred because it provides 
a rapid, standardized, and nondestructive method of evaluating 

surface hardness. It allows accurate assessment of thermoplas-
tic materials like ABS directly on the printed parts without 
additional sample preparation, ensuring robust and reliable 
comparison across production parameters. Measurements were 
taken from three different points on the surface, and the average 
value was determined as the hardness value.

Tensile strength and strain at fracture were determined by ten-
sile test. The tests were carried out in three repetitions for each 
production parameter, using a Shimadzu 50 kN tensile tester 
with a tensile speed of 2 mm/min following the requirements of 
the standard. The dimensions of the tensile test specimen, pro-
duced according to the ISO 527 standard, are given in Figure 2a. 
The production of tensile test specimens was carried out using 
two different orientations: upright and on edge. Impact test 
specimens were produced in two different orientations, flat and 
on edge. The impact test specimen dimensions in accordance 
with the ISO 180 standard produced are given in Figure 2b, and 
the impact test was performed using the Charpy impact tester. 
Figure 2c presents the print directions of the tensile and impact 
test specimens.

To investigate the impact of annealing on the mechanical 
strength of ABS materials with a reference glass transition 
temperature of 105°C, three different annealing tempera-
tures were selected: 90°C, 105°C, and 120°C. Two different 

TABLE 1    |    Production parameters.

Infill pattern
Sparse high density (SPH) 

and hexagram (HXG)

Orientation On edge, upright, and flat

Contour number 1 and 2

FIGURE 1    |    Example of the created tool paths.

FIGURE 2    |    The geometry of the (a) tensile test specimen, (b) the impact test specimen, and (c) print orientations.

FIGURE 3    |    SEM investigation regions.
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annealing times, 15 and 30 min, were tested for each tempera-
ture. It was observed that 30-min annealing caused significant 
deformation and dimensional instability in the printed parts. 

Thus, 15 min was finalized as the optimal annealing time as it 
effectively enhanced mechanical properties without compro-
mising part geometry, balancing strength improvement and 
shape preservation. Therefore, the experiment will proceed 
with annealing at the selected temperatures for a duration of 
15 min to assess any changes in mechanical strength.

To investigate the thermal stability and potential changes in 
the chemical structure of ABS samples annealed at three dif-
ferent temperatures, differential scanning calorimetry (DSC) 
analysis was conducted. The DSC analysis aimed to analyze 
the glass transition temperature and specific heat of the sam-
ples and was performed on a SETARAM DSC 131 device with 
10°C increments, up to 300°C.

The microstructure of annealed samples was first examined 
using an optical microscope. To further analyze the effects 
of annealing, the fracture surfaces of the samples were in-
vestigated using a scanning electron microscope (SEM). The 
PhenomWorld—Phenom XL model SEM device was utilized to 
capture images of the samples from various regions, including 
between the contour, infill, and infill raster interface of the ten-
sile and impact specimen, given in Figure 3. These SEM images 
provide further insight into the microstructural changes in-
duced by annealing and will be presented in this paper.

3   |   Results and Discussion

Figure 4 shows the effect of annealing on the surface hardness 
of printed ABS specimens regarding orientation. It is observed 
that annealing temperatures of 90°C and 105°C increase the 
hardness of samples produced with upright and on-edge print-
ing orientations. However, when the annealing temperature 
is raised to 120°C, the hardness decreases below the hardness 
measurements of samples without annealing. Conversely, for 

FIGURE 4    |    Hardness of specimen produced by SPH and HXG infill 
pattern.

FIGURE 5    |    The tensile strengths of specimens produced by SPH 
and HXG infill parameters.

FIGURE 6    |    The fracture surface micrographs of the tensile test specimen.

 15482634, 2025, 9, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pen.70008 by Isik U

niversity K
utuphane V

e D
, W

iley O
nline L

ibrary on [15/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4734 Polymer Engineering & Science, 2025

samples produced with the flat printing orientation, an increase 
in annealing temperature results in a decrease in hardness 
measurements.

Figure 5 shows the tensile strengths of annealed samples at vari-
ous annealing temperatures, divided by production parameters. 
Upon analysis, different trends appear. Initially, for samples 
printed with the SPH infill pattern in the upright orientation, 
there is a steady increase in tensile strength with increasing an-
nealing temperature, peaking at 105°C before decreasing slightly 
at 120°C. In contrast, samples using the HXG infill pattern in the 
upright position show a different trend. They show a small rise 

in tensile strength between 90°C and 105°C, followed by a con-
siderable reduction at 120°C. Annealing affects SPH and HXG 
infills differently due to their structure. SPH's dense, continu-
ous pattern allows better polymer flow and bonding, improving 
strength at 90°C and 105°C. HXG's honeycomb geometry limits 
flow and creates stress points, causing weaker improvement and 
a sharper drop at 120°C. Furthermore, when comparing sam-
ples printed upright versus on edge, it is clear that the on-edge 
orientation produces greater tensile strengths across all anneal-
ing temperatures and infill patterns. This shows that the printed 
part's orientation during production significantly impacts its 
mechanical properties after annealing. These findings highlight 

FIGURE 7    |    The SEM images of the tensile test specimen produced by the SPH infill pattern and upright orientation.
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the need to adjust both the annealing temperature and the pro-
duction parameters to achieve the optimum mechanical perfor-
mance in FDM-produced plastic components.

The samples that were annealed for 15 min at 90°C, 105°C, and 
120°C, as well as those that were not annealed, were examined 
under an optical microscope to investigate the fracture surfaces 
resulting from tensile testing, as shown in Figure 6. Among the 
two parameter combinations in the upright orientation for both 
SPH and HXG infill patterns, the samples with the highest void 
density in the infill and between contours were those that had 

not been annealed. Samples annealed at 90°C showed reduced 
voids and separations because annealing below the glass transi-
tion temperature promotes filament diffusion without excessive 
softening, resulting in stronger interlayer bonding and reduced 
microvoids. At 105°C, voids and separations were almost non-
existent, with filaments filling the interstitial spaces. However, 
at 120°C, indications of contour separation and light void devel-
opment reappeared. It was observed that the tensile strength in-
creased with annealing temperatures of 90°C and 105°C across 
all production parameter combinations, but decreased at 120°C. 
Given that the glass transition temperature of ABS material 

FIGURE 8    |    The SEM images of tensile test specimen produced by HXG infill pattern and upright orientation.
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is 105°C, annealing above this temperature led to disruptions 
within the internal layers of the material, triggering notch ef-
fects and resulting in a decrease in tensile strength.

Furthermore, when examining the damaged surfaces after ten-
sile testing in the on-edge orientation for both SPH and HXG 
infill patterns, it was noted that an increase in annealing tem-
perature beyond Tg (105°C) did not uniformly reduce void struc-
ture but instead introduced new voids and cracks.  Excessive 
thermal energy at 120°C led to material softening, nonuniform 
internal stress relaxation, and structural instability, counteract-
ing the benefits observed at lower temperatures.

The SEM images of fracture surfaces from tensile tests con-
ducted after annealing are presented in Figure  7 for the SPH 
infill pattern and in Figure 8 for the HXG infill parameter. SEM 
analysis focused on examining the infill, infill–contour inter-
face, and contour regions of the samples, with their locations 
indicated in Figure 4.

Observations from the SEM analysis revealed that samples 
annealed at 90°C exhibited a reduction in voids within the 
infill region for both infill patterns. An increase in diffusion 
between the infill and contour regions was also observed fol-
lowing annealing. However, with increasing annealing tem-
perature, especially at 120°C, porous structure formation 
increased, particularly in the contour region due to thermal 
expansion mismatches and gravity-induced deformation, re-
sulting in separation at contour–infill interfaces.

For samples annealed at 105°C, an increase in voids within the 
infill region compared to those annealed at 90°C was observed, 
accompanied by the formation of cracks within the infill layer. 
At 120°C, a distinct separation within the infill region was ob-
served. While an increase in diffusion between the infill and 
contour regions was observed at 105°C, at 120°C, this diffusion 
line sharpened again, making separation more likely.

Irrespective of the infill pattern used in upright production, 
without annealing, the tensile strength decreased sequentially 
with annealing temperatures of 90°C, 105°C, and 120°C, respec-
tively. It was noted that the primary reason for this decrease was 
the porous structure in the contour region, supported by crack 
and void mechanisms within the internal structure.

Figure 9 shows the impact energy of annealed samples at dif-
ferent annealing temperatures and production conditions. For 
both SPH and HXG infill patterns, there is a general tendency 
of increased impact energy as annealing temperatures rise to 
the glass transition temperature of 105°C. This indicates that 
annealing at higher temperatures can improve the impact re-
sistance of printed samples. However, annealing above the 
glass transition temperature results in decreased impact energy 
showing that excessive annealing may reduce impact resistance. 
When comparing the impact energy of SPH and HXG infill 

FIGURE 9    |    The impact energy of the specimen produced with SPH 
and HXG infill parameters.

FIGURE 10    |    The fracture surface micrographs of tensile test specimen.
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patterns, it appears that there are differences in impact resis-
tance. At certain annealing temperatures, one infill pattern may 
have more impact energy than another.

Samples printed on the edge consistently have higher impact en-
ergy than those printed flat, regardless of the infill pattern or an-
nealing temperature. This shows that the orientation of the printed 
item during production has a major effect on its impact resistance, 
with on-edge printing typically resulting in better performance.

Figure  10 displays surface images of impact test fractures for 
annealed samples at different annealing temperatures and pro-
duction conditions. In samples annealed at 90°C, the formation 
of bonds between internal structure layers and contours was 
observed, with these bonds becoming more pronounced in sam-
ples annealed at 105°C. However, in samples annealed at 120°C, 

an increase in cracks and voids was observed within the internal 
structure and between contours. Regardless of the production 
orientation and flat production direction, an increase in impact 
strength was observed with annealing at 90°C and 105°C across 
all production parameter combinations. Conversely, the appli-
cation of an annealing temperature of 120°C led to a decrease 
in impact strength. This decrease is attributed to the fact that 
annealing above the glass transition temperature of ABS mate-
rial, which is 105°C, results in a decrease in impact strength. 
Although the notch effect decreases with increasing annealing 
temperature, it is believed that the microcracks formed within 
the material's internal structure above 120°C activate a brittle 
behavior mechanism.

The SEM images of fracture surfaces from impact tests con-
ducted after annealing are presented in Figure 11 for the SPH 

FIGURE 11    |    The SEM images of the impact test specimen produced by SPH and HXG infill patterns.
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and in the hexagram HXG infill pattern. In samples subjected to 
impact tests, SEM analysis revealed that, irrespective of the ori-
entation and infill pattern, samples annealed at 90°C exhibited 
a reduction in voids within the infill region and an increase in 
diffusion between layers in the contour region.

Furthermore, in samples annealed at 105°C and 120°C, the 
amount of diffusion in the contour region increased proportion-
ally with temperature. At 120°C, it was observed that fusion 
of internal fillings resulted in larger internal structure voids. 
Despite the increased layer diffusion in the contour region, it 
is believed that the formation of these voids within the internal 
structure at 120°C reduces impact strength.

Across all production orientations and without annealing, an 
increase in impact strength was observed at annealing tempera-
tures of 90°C and 105°C. However, a decrease in impact strength 
was observed at 120°C annealing, suggesting that the void for-
mation within the internal fillings supports changes in strength.

In Figure 12, DSC analysis graphs of the samples applied 90°C, 
105°C, and 120°C annealing are shown. The results of the DSC 
analysis on the filament are in agreement with the DSC analyses 
for ABS material in the literature. When the DSC analyses of the 
annealed samples were examined, it was determined that there 
was no major difference in the glass transition temperatures.

4   |   Conclusions

This study investigated the effects of annealing temperature, 
printing orientation, and infill pattern on the mechanical per-
formance of FDM-printed ABS parts. The key findings can be 
summarized as follows:

Annealing at 105°C for 15 min significantly enhanced mechan-
ical properties without compromising dimensional stability. At 
this temperature, tensile strength increased by up to 25%, im-
pact energy by 15%–20%, and surface hardness by 2–4 Shore A 
units compared to unannealed samples.

The SPH infill pattern consistently outperformed the HXG pat-
tern in mechanical performance. SPH samples exhibited 5%–
10% higher tensile strength and demonstrated greater structural 

integrity after annealing, particularly at elevated temperatures. 
This was attributed to the more uniform internal structure and 
reduced stress concentrations in SPH infill.

Samples printed in the on-edge orientation achieved the high-
est mechanical strength, with maximum tensile strength reach-
ing ~35 MPa in SPH-filled samples after 105°C annealing. In 
contrast, upright-printed samples showed the most significant 
relative improvements after annealing, though they remained 
mechanically inferior to on-edge specimens.

Exceeding the glass transition temperature of ABS led to adverse 
effects, including the formation of internal voids, microcracks, 
and contour–infill separations. These structural defects caused 
tensile strength and impact resistance to decline by 10%–15% 
and surface hardness to drop below initial values.

SEM analysis revealed that annealing at 90°C–105°C promoted 
filament diffusion and interlayer bonding, thereby reducing 
voids. Conversely, 120°C annealing caused void coalescence and 
crack initiation, explaining the deterioration in mechanical per-
formance. DSC analysis confirmed that thermal changes did not 
alter the glass transition temperature, reinforcing that observed 
effects were structural rather than thermal-chemical.

In conclusion, the combination of SPH infill, on-edge printing 
orientation, and annealing at 105°C for 15 min provides an ef-
fective strategy to optimize the mechanical properties of FDM-
printed ABS parts. These findings offer practical guidelines for 
manufacturers seeking to enhance part strength and reliability 
in functional and industrial applications.
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