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ABSTRACT: Fused deposition modeling (FDM), also known as fused filament fabrication (FFF), is the most widely used additive
manufacturing technique because it offers several key advantages: material flexibility, low cost, high prototyping precision, and
ease of use. The mechanical properties of 3D printed products depend on many factors, and one of the most important is the
complete control over the temperature within the building chamber. However, research on the influence of chamber temperature is
still minimal. This research probes the impact of chamber temperature on the mechanical properties of the printed material,
precisely the thermoplastic polyurethane (TPU) and acrylonitrile butadiene styrene (ABS) materials, by using the FFF printing
method. This research analyzes the tensile strength of TPU and ABS printing materials by testing printed samples at three different
building chamber temperatures (30, 45, and 60 °C). From the analysis data, the study shows that the effect of building chamber
temperature on tensile strength of printed parts, and also recommends that to have the best tensile strength for printed parts, the
building chamber temperature of both TPU and ABS should be between 30 and 45 °C.
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1. Introduction

Fused deposition modeling (FDM), also known as fused filament fabrication (FFF), is the most widely used
additive manufacturing technique. FDM was developed in 1989 by Scott Crump, co-founder of Stratasys Inc, Eden
Prairie, Minnesota, United States. It was first brought to the market in 1991 by Stratasys Inc. [1] and has since been used
extensively across industries such as prosthetics, education, art, and design. FFF uses a thermoplastic material to create 3D
products via an extruder that layers the filament until the structure is fully developed. FDM is a cost-effective, flexible, and
user-friendly technology that has revolutionized the manufacturing industry. With the FFF technology, printed products can be
quickly produced and precisely sized with complex geometries, smooth surface roughness, and high mechanical properties.

The quality of printed products depends not only on the design of the printing product, the material, and the
accuracy of the printer, but also on printing process parameters such as printing speed, layer height, nozzle diameter,
nozzle temperature, infill density, printing angle, and others. Therefore, many researchers have studied the effects of
process parameters on mechanical characteristics and have optimized printing processes for various plastics. Jahar et al.
[2] have shown that the best parameter settings for printing PC-ABS material that can achieve better accuracy for
printed parts are a layer thickness of 0.127 mm, an air gap of 0.342 mm, a raster angle of 88.918°, a build orientation of
89.122°, a road width of 0.462 mm, and one contour. Another study by Dragos et al. showed that the percentage of
filling has a greater influence on the dimensional accuracy of printed PLA parts than does shaft diameter [3]. The print
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surface roughness is affected by layer thickness [4]. The study found that layer thickness is an optimal process
parameter for optimizing TPU fabrication.

Additionally, PEEK-printed samples exhibit better comprehensive mechanical performance, including tensile,
flexural, and shear strengths, when printed with a horizontal infill orientation and a 30° raster angle [5]. A layer height
of 0.1-0.15 mm provides the best dimensional accuracy and tensile strength for FDM-printed PLA parts [6]. The study
showed that, regardless of PLA color, tensile strength decreased with increasing layer thickness. Anubhav et al. [7]
found that part orientation directly affects material deposition and layering, thereby enabling cohesive bonding of the
deposited material. Horizontally printed parts have better tensile and flexural strength than the vertically printed parts. A
study by Adan et al. [8] investigated the effects of infill density, layer count, printing speed, and bed temperature on
mechanical properties. The experiment’s results showed that infill density is the most influential parameter. An optimal
combination of infill density (75%), 30 layers per part, printing speed (20 mm/s), and bed temperature (100 °C) yielded
the best tensile strength for a bi-layered PLA/ABS composite. The zig-zag infill pattern has better tensile and flexural
strength than the gyroid infill pattern [9]. This study highlighted the effect of infill patterns in determining the
mechanical characteristics of 3D-printed parts. Another study by Karim Elhattab [10] observed that a higher nozzle
temperature enhances the tensile strength of PLA-printed parts, with the highest values at 220 °C. The study by other
authors [11,12] showed that 45° orientations, 0.3 mm thickness, and normal speed had a significant impact on the tensile
strength of the ABS-printed samples. The results of maximum tensile strength for samples with a shell count of 10 have
1.5 times higher values than those containing a shell count of 2. The research results showed that tensile strength,
flexural strength, and creep were higher with 10 shells than with 2. Another study by Duong et al. [13] demonstrated the
effects of process parameters on mechanical properties. The Taguchi method was applied to determine the effect of
printing temperature, infill angle, infill density, and layer thickness on the mechanical properties of TPU samples. The
results of the study show that the parameter values that produce the maximum tensile strength are 210 °C nozzle
temperature, 45° infill angle, 100% infill density, and a 0.18 mm layer thickness, which provides a better stacking
structure than 90°.

Although numerous studies have investigated the process parameters of FDM 3D printing, studies on the effect of
chamber temperature on the mechanical properties of printed parts are limited. This study examines the impact of
chamber temperature on tensile strength using FDM technology with TPU Filament. The results are analyzed by using
the Polynomial Regression method. Then, the printing parameters are optimized to achieve the best possible mechanical
properties. Microstructure images of the fracture surface are also considered.

The research by Abraheem et al. [14] demonstrated that ABS printing with the closed printer yielded better surface
roughness, whereas the open printer yielded higher tensile strength. The research also found that higher temperatures
correspond to lower tensile strength. However, the author only studied one chamber temperature level, using both an
open and an enclosed 3D printer. The study by Thumsorn et al. [15] showed that increasing the chamber temperature
above 40 °C improved interlayer bonding in PLA-printed products, as evidenced by increased fracture toughness.
However, the study considers only hardness, which is insufficient, as high hardness can also reduce the tensile capacity
of printed plastic. Therefore, further research is needed on the tensile strength of printed samples at different
temperatures. In the study by Yachen et al. [16], ambient temperatures are set at 50 °C, 65 °C, and 80 °C, respectively.
The results show that nozzle and ambient temperatures are closely related to mechanical properties. Within the test
temperature range, 80 °C yields the maximum tensile strength. Nevertheless, the room temperature was not taken into
consideration in this study.

This research project aims to investigate the influence of chamber temperature on the tensile strength of TPU and
ABS printed parts produced via FDM. It contributes to providing a feasible solution for the fabrication and production
of parts formed using FDM additive manufacturing. The research results can be applied to the manufacturing of tensile
components from 3D-printed materials. They can also serve as references for research groups and design engineers
when selecting technology parameters that align with product requirements and quality standards.

2. Materials and Methods

TPU is a type of polyurethane plastic belonging to the thermoplastic elastomer family. It is elastic, like rubber, but
also strong, like plastic. TPU has many properties, including elasticity, transparency, and resistance to oil, grease, and
abrasion. TPU’s flexibility and durability make it suitable for a wide range of applications, including medical devices,
sports equipment, robotics, and functional prototypes. ABS material structure: ABS, with the chemical formula
(C8H8-C4H6-C3H3N)n, is a common thermoplastic.
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The printed sample for the tensile strength test was designed using 3D design software, with dimensions in
accordance with ASTM D638 (Type IV), as shown in Figure 1. The pulling speed is 5 mm/min.
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Specimen Dimensions for Thickness, T, mm (in.)*

7 (0.28) or under

Over 7 to 14 (0.28 to 0.55), incl

4 (0.16) or under

Dimensions (see drawings) Tolerances
Type | Type Il Type lll Type IVE Type V&P

W—Width of narrow section&* 13 (0.50) 6 (0.25) 19 (0.75) 6 (0.25) 3.18 (0.125) +0.5 (+0.02)5:¢
L—Length of narrow section 57 (2.25) 57 (2.25) 57 (2.25) 33 (1.30) 9.53 (0.375) +0.5 (+0.02)°
WO—Width overall, min® 19 (0.75) 19 (0.75) 29 (1.13) 19 (0.75) +6.4 (+0.25)
WO—Width overall, min® 9.53 (0.375) +3.18 (+0.125)
LO—Length overall, min* 165 (6.5) 183 (7.2) 246 (9.7) 115 (4.5) 63.5 (2.5) no max (no max)
G—Gage length’ 50 (2.00) 50 (2.00) 50 (2.00) 7.62 (0.300) +0.25 (+0.010)¢
G—Gage length’ 25 (1.00) +0.13 (+0.005)
D—Distance between grips 115 (4.5) 135 (5.3) 115 (4.5) 65 (2.5)Y 25.4 (1.0) 15 (+0.2)
R—Radius of fillet 76 (3.00) 76 (3.00) 76 (3.00) 14 (0.56) 12.7 (0.5) +1 (x0.04)¢
RO—Outer radius (Type V) 25 (1.00) +1 (x0.04)

Figure 1. Design of 3D printed sample according to ASTM D638 (unit: mm). A:Thickness, T, shall be 3.2 + 0.4 mm (0.13 + 0.02
in.) for all types of molded specimens, and for other Types I and II specimens where possible. If specimens are machined from
sheets or plates, thickness, T, shall be the thickness of the sheet or plate provided this does not exceed the range stated for the
intended specimen type. For sheets of nominal thickness greater than 14 mm (0.55 in.) the specimens shall be machined to 14 +
0.4 mm (0.55 £ 0.02 in.) in thickness, for use with the Type III specimen. For sheets of nominal thickness between 14 and 51 mm
(0.55 and 2 in.) approximately equal amounts shall be machined from each surface. For thicker sheets both surfaces of the
specimen shall be machined, and the location of the specimen with reference to the original thickness of the sheet shall be noted.
Tolerances on thickness less than 14 mm (0.55 in.) shall be those standard for the grade of material tested. B: For the Type IV
specimen, the internal width of the narrow section of the die shall be 6.00 + 0.05 mm (0.250 £+ 0.002 in.). The dimensions are
essentially those of Die C in Test Methods D412. C: The Type V specimen shall be machined or die cut to the dimensions shown,
or molded in a mold whose cavity has these dimensions. The dimensions shall be:W = 3.18 + 0.03 mm (0.125 + 0.001 in.), L =
9.53 + 0.08 mm (0.375 = 0.003 in.), G = 7.62 £ 0.02 mm (0.300 + 0.001 in.), and R = 12.7 £ 0.08 mm (0.500 + 0.003 in.). The
other tolerances are those in the table. D: Supporting data on the introduction of the L specimen of Test Method D1822 as the
Type V specimen are available from ASTM Headquarters. Request RR:D20-1038. E:The tolerances of the width at the center Wc
shall be +0.00 mm, —0.10 mm ( +0.000 in., —0.004 in.) compared with width W at other parts of the reduced section. Any
reduction in W at the center shall be gradual, equally on each side so that no abrupt changes in dimension result. F: For molded
specimens, a draft of not over 0.13 mm (0.005 in.) is allowed for either Type I or II specimens 3.2 mm (0.13 in.) in thickness. See
diagram below and this shall be taken into account when calculating width of the specimen. Thus a typical section of a molded
Type I specimen, having the maximum allowable draft, could be as follows: G: Overall widths greater than the minimum
indicated are used for some materials in order to avoid breaking in the grips. H: Overall lengths greater than the minimum
indicated are used for some materials to avoid breaking in the grips or to satisfy special test requirements. I: Test marks or initial
extensometer span. J: When self-tightening grips are used, for highly extensible polymers, the distance between grips will depend
upon the types of grips used and may not be critical if maintained uniform once chosen.

The printed samples were produced with an X500 3D printer (German RepRap company, Feldkirchen, Germany),
as shown in Figure 2, and printing parameters were chosen based on previous studies with three different chamber
temperatures, as shown in Table 1.
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(b)
Figure 2. (a) FDM X500 printer for printing samples; (b) M350-10CT testing machine for tensile test.

Table 1. 3D printing parameters of TPU and ABS.

Layer Height  Infill Percentage Nozzle Temperature Bed Temperature Printing Speed Outline
(mm) (%) °cO) (°cO) (mm/s) Shells
TPU 0.25 100 230 60 40 3
ABS 0.25 100 240 110 40 3

Five samples will be printed at each chamber temperature and tested for tensile strength using the M350-10CT
Testing Machine (Figure 2b) to obtain stress values. The M350-10CT tensile tester is manufactured by Testometric Co.,
Ltd. (The Testometric Company Limited) from Rochdale, Lancashire, in the United Kingdom (England). Figure 3
shows the TPU and ABS samples after FDM printing.

(@ (b)

Figure 3. TPU and ABS samples after FDM printing (a) TPU; (b) ABS.

3. Results
3.1. Tensile Strength between ABS and TPU Materials

Table 2 and the graph in Figure 4 show that as the chamber temperature increases, the tensile strengths of ABS and
TPU decrease. However, the tensile strength of ABS decreases only slightly across the chamber temperature range,
while TPU strength increases at 45 °C compared with 30 °C, then drops sharply at 60 °C. The graph also shows that at
the same chamber temperature, ABS has higher tensile strength than TPU. At a 30 °C chamber, the tensile strength of
ABS is 30.75 MPa, higher than that of TPU (24.02 MPa). At 45 °C, the tensile strength of ABS is 30.53 MPa higher than
TPU (20.03 MPa). Moreover, at 60 °C, the tensile strength of TPU is 13.59 MPa lower than that of ABS.
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Table 2. Tensile strength of ABS and TPU at different chamber temperatures.

50f10

Tensile Strength of ABS Tensile Strength of TPU
Sample Chamber Temperature Sample Chamber Temperature
P 30°C_ 45°C_ 60°C P 30°C_ 45°C  60°C
1 30.28 30.14 31.00 1 24.01 23.75 17.55
2 31.07 30.38 31.08 2 24.04 24.38 17.80
3 29.89 31.00 30.62 3 23.25 24.00 15.62
4 31.99 30.78 30.59 4 23.13 23.98 16.33
5 30.51 30.34 28.98 5 25.67 24.05 16.99
Average 30.75 30.53 30.45 Average 24.02 24.03 16.86
Standard deviation 0.82 0.35 0.85 Standard deviation 1.01 0.19 0.93
35
30.75 30.53 30.45
30 I I
N 24.02 24.03
235 1 I
S
o 20 16.86
% 15 =
K
‘a 10
C
(o}
C s
0
30°C 45°C 60 °C

Chamber Temperature (°C)

ABS mTPU

Figure 4. Comparison of the tensile strength of ABS and TPU.

According to the study by Nguyen et al. [17], the printing environment temperature strongly influences the
mechanical properties of ABS printed samples using FDM technology. Their study results show that, for the
ABS-printed sample to have the best mechanical properties, the printing environment temperature should be between
30 °C and 45 °C. On the other hand, the study by Truong et al. [ 18] demonstrated that chamber temperature significantly
influences the mechanical properties of TPU printed by FDM. The flexural strength of TPU decreased as the chamber
temperature increased from 30 °C to 60 °C, with the optimal strength at 30 °C. In addition, several other studies have
examined the printing environment temperature; however, they primarily focus on PLA and PEEK materials [15,16].

From Table 3 and Figure 5, it can be seen that the elastic modulus of ABS increases with increasing chamber
temperature. On the other hand, the elastic modulus of TPU decreases with increasing chamber temperature.
Additionally, when comparing the two materials, ABS consistently exhibits a higher elastic modulus than TPU.

Table 3. Elastic modulus of ABS and TPU at different chamber temperatures.

Elastic Modulus of ABS Elastic Modulus of TPU

Sample Chamber Temperature Sample Chamber Temperature
30 °C 45 °C 60 °C 30 °C 45 °C 60 °C
1 259.11 253.87 260.16 1 106.54 104.83 83.57
2 257.48 262.77 270.29 2 106.54 101.67 74.12
3 250.21 266.45 269.08 3 88.69 102.26 67.49
4 265.71 264.02 269.53 4 104.20 106.72 69.10
5 259.51 269.14 264.01 5 109.40 94.99 76.15
Average 258.40 263.25 266.61 Average 103.07 102.09 74.09
Standard deviation 5.55 5.78 4.37 Standard deviation 7.38 3.99 5.70
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Figure 5. Comparison of the elastic modulus of ABS and TPU.
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Table 4 and Figure 6 exhibit that for ABS, strain increases with increasing chamber temperature. For TPU, the
strain first increases as the chamber temperature rises from 30 °C to 45 °C, but then drops sharply at 60 °C. It can be
seen that ABS samples printed at higher chamber temperatures demonstrate higher tensile strain, resulting in lower
tensile strength and greater deformation. In contrast, TPU samples printed at higher chamber temperatures become less
elastic and break more readily because elevated temperatures alter their stretch properties. A study by Abraheem et al.
[14] also showed that printers with a closed chamber, which keeps a higher chamber temperature, reduce the tensile
strength of printed parts. This study focuses on tensile strength and demonstrates that increasing the chamber
temperature can enhance interlayer adhesion and improve tensile performance, particularly for TPU and ABS materials.
This difference suggests that chamber temperature affects each mechanical property differently—higher temperatures
may enhance tensile bonding strength by improving layer fusion.

Table 4. Tensile strain of ABS and TPU at different chamber temperatures.

Tensile Strain of ABS

Tensile Strain of TPU

Chamber Temperature

Chamber Temperature

Sample 30°C  45°C 60°C Sample 30°C  45°C 60°C
1 5.10 4.64 5.94 1 24320 23797 223.52
2 491 5.78 5.78 2 246.34 253.47 221.23
3 431 4.67 5.43 3 241.33 233.59 205.95
4 5.47 5.17 3.54 4 229.83 240.07 217.01
5 4.27 4.77 4.56 5 25326  251.80 225.21
Average 4.81 5.01 5.05 Average 242779 24338  218.58
Standard deviation 0.52 0.48 1.00 Standard deviation 7.65 7.86 6.89
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Figure 6. Comparison of the strain between ABS and TPU.

3.2. Microstructure

Figure 7 shows the microstructure of the ABS impact test sample. It can be seen that, at chamber temperatures of
30 °C and 45 °C, the bonding between layers is excellent. However, when the chamber temperature increases to 60 °C,
the layer bonding is no longer perfect. A clear separation or delamination between layers is visible. Strong bonding
between layers improves the tensile strength of the printed sample.

Layer separation

TM4000/0030 5k & 2mim X20 BSE I : omm TMA000 0030 5KV 9.5mm X20BSEM P 200mm

TM4000 0030 SkVEETMmm X20 BSEM

(a) (b) (©)

Figure 7. Microstructure of ABS impact sample at different chamber temperatures. (a) Samples printed at 30 °C; (b) Samples
printed at 45 °C; (¢) Samples printed at 60 °C.

At the same time, the microstructure images show that samples printed at 60 °C exhibit more delamination and
larger gaps than those printed at 30 °C and 45 °C. The study by Supaphorn et al. [15] also showed that higher printing
temperatures improve layer bonding. However, the SEM images above show that higher chamber temperature also
causes delamination. Interestingly, the delaminated samples show higher hardness.

Therefore, it can be concluded that strong layer bonding improves the tensile strength of ABS-printed samples but
reduces impact resistance and hardness [14,19]. Figure 7 shows the cross-sections of samples printed at chamber
temperatures of 30 °C, 45 °C, and 60 °C. In this figure, the label “layer separation” only marks the boundary between
layers, not a fundamental defect. At 30 °C and 45 °C, the layers come into close contact, and the boundaries appear
smooth and continuous. This result means the bonding between layers is strong. However, at 60 °C, a clear gap forms
between the layers, indicating that absolute separation (delamination) has occurred.

Figure 8 shows the microstructure image of the printed samples. It can be seen that the interlayer bonding is in perfect
condition at 30 °C and 45 °C, especially at 45 °C. However, when the samples were printed at 60 °C, the interlayer
bonding was found to be poor. The plastic fibers are not strongly bonded to each other; instead, there is a separation
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between them, leading to weaker interlayer bonding and reduced resistance to tensile stress. Hence, it can be seen that a
higher chamber temperature increases interlayer adhesion, but exceeding a specific limit can cause layer separation.

TM4000 0030 5k 6.2mm X30 BSE M 1.00mm TM4000 0030 5kV 7.1mm X25 BSE M 2.00mm IR (R SRV 7.3mm X30 B0 - sl

() (b) (c)

Figure 8. Microstructure of tensile-tested TPU specimens at different chamber temperatures. (a) Samples printed at 30 °C; (b)
Samples printed at 45 °C; (¢) Samples printed at 60 °C.

Figure 8 shows the microstructure of TPU tensile samples. The bonding between printed TPU layers at different
chamber temperatures is quite similar to that of ABS. The layer bonding is in good condition at both 30 °C and 45 °C,
with stronger bonding at 45 °C. However, when TPU samples are printed at 60 °C, the layer bonding becomes very
weak. The filaments do not tightly connect; instead, they are separated and cannot form a solid block at 30 °C or 45 °C.
This result indicates weaker bonding between layers under tensile force.

It can be observed that as the chamber temperature increases from 30 °C to 45 °C, adhesion between the TPU layers
improves. Nevertheless, if the chamber temperature exceeds 45 °C, it may cause delamination and reduce the sample's
tensile strength. A study by Duong et al. [13] also demonstrated that printing temperature significantly affects the
shrinkage and mechanical properties of TPU, particularly tensile strength and elastic modulus. The printing temperature
alters the bonding ratio between the printed filaments. At a certain level, higher temperature makes it easier for the
layers to bond, which increases interlayer strength. However, excessively high printing temperatures can damage
polymer molecular chains, resulting in weaker mechanical properties [20]. In Figure 8, the lines labeled “layer
separation” show only layer boundaries, not actual cracks or defects. A perfect interlayer bonding means the printed
layers are well joined together, with no significant gaps or no real detect between them. It can be seen that the interlayer
bonding is in perfect condition at 30 °C and 45 °C, especially at 45 °C. However, when the samples were printed at
60 °C, the interlayer bonding was found to be poor.

4. Conclusions

The study’s results demonstrate that the effect of the building chamber temperature on the mechanical properties of
3D-printed samples using FFF technology is highly significant. As the building chamber temperature increases, the tensile
strength of both ABS and TPU materials tends to decrease. The tensile strength of ABS material decreases insignificantly
across the building chamber temperature levels. However, the tensile strength of TPU material increases at a building
chamber temperature of 45 °C compared to 30 °C, but decreases sharply at 60 °C. At the same temperature, ABS material
has higher tensile strength than TPU. The results show that to achieve the best tensile strength in 3D-printed samples, the
building chamber temperature should be between 30 °C and 45 °C for both TPU and ABS.
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