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Abstract: This paper investigates the effects of heating movement techniques on the properties of
low-carbon steel samples that are 3D printed using S20C lamination object manufacturing (LOM).
A Tungsten iner gas (TIG) machine and a computer numerical control (CNC) machine were used
together to join the steel sheet. The LOM samples were created with a straight-profile, short-profile,
cross-profile, and curved-profile. The results indicate that the majority of the samples had a grain
size number of 7-9. The samples exhibited an isotropy grain shape. The LOM samples exhibited
dimples, which suggests ductility fractures. Pore flaws showed up in the microstructure of the
cross-profile and short-profile samples during the LOM process. The samples with curved- and
straight-profiles had a better microstructure. In comparison to samples with a short profile and a
cross-profile, the samples with a straight-profile and a curved-profile had a superior combination of
ultimate tensile strengths (UTSs) and elongation value. The straight- and curved-profiles’ greater
elongation and tensile strength can be attributed to their improved microstructure and finer grain
size. A straight-profile sample with an elongation value of 25.6% and a UTS value of 430 MPa was
the ideal LOM sample. Conversely, the weakest sample was the LOM sample with a cross-profile,
which had an elongation value of 10.8% and a UTS value of 332.5 MPa. This research could pro-
vide further information about the LOM method and the best straight-profile movement strategy.
A suitable TIG gun movement strategy could produce a good LOM sample with a good microstruc-
ture, tensile strength, and ductility. Further research should incorporate more movement strategies
and techniques that completely prevent the formation of pore defects.

Keywords: LOM technique; 3D metal printing; movement strategies; microstructure; tensile strength

1. Introduction

Recently, 3D printing has become a popular manufacturing technique. Three-dimensional
printing could overcome the challenges of complex shapes, rapid prototype requirements,
and the high cost to which conventional manufacturing techniques are limited [1-3].
The initial material type can vary from polymers, metals and alloys, ceramics, foods, and bio-
materials [4-8]. The metallic 3D printing parts achieve excellent mechanical properties with
a high strength and toughness that can be directly used in industrial applications [9-12].

In 3D printing, the material’s shape can be liquid, powder, wire, or sheet shapes [13-15].
The smaller the material shape, the higher the energy consumption required to build the
3D printing parts. Therefore, the sheet shape could save more energy than the other
shapes during the printing process [16-18]. Many authors have investigated the 3D print-
ing process using sheet-shaped materials. For example, Bhatt et al. [19] investigated the
lamination object manufacturing (LOM) process by adding heterogeneous objects and
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inclusions between layers by using robotics during the manufacturing process. This study
pinpointed benefits including a high speed, the ability to join many types of materials,
large-scale part capacity, and low cost. The study also predicted that a higher rate of auto-
matic and more complex shapes could be the future of the LOM process. Furthermore, the
robotics application can also fabricate the LOM part with the desired layer orientation with
less material waste. Parandoush et al. [20] report a novel fabrication process for a carbon
fiber-reinforced thermoplastic composite by laminated object manufacturing. The sheets
are bonded using a laser beam and roller system, creating an ultra-high-strength composite
with a tensile strength of 668.3 MPa and a flexural strength of 591.6 MPa with a lightweight
advance. By using computed tomography scans, the void content of the LOM sample is
low. The lap shear strength tests show that the interlaminar bonding strength is comparable
to that of the traditional autoclave approach. Furthermore, the suggested method makes
it possible to regulate the alignment of carbon fiber in printed layers. The suggested 3D
printing approach can be beneficial for fields demanding high-performance, lightweight
structural materials with complicated geometries.

Olivier et al. [21] found the best orientation for the LOM method to achieve the highest
value of flexural strength. They conducted four samples with different building orientations.
Thereafter, the samples underwent a four-point flexural loading test. Additionally, it has
been discovered that every tested condition has a repeating failure pattern. The orientation
has a strong effect on the mechanical properties of the LOM samples. The study indicated
that the best orientation for the highest strength value is 45°. Kumar et al. [22] also reported
the LOM process with polylactic acid material. They divided them into many pieces after
printing and then joined them to test their mechanical properties. The highest compressive
strength of the sample was 42.47 MPa, generated with 70% infill, a honeycomb pattern,
and a 3.4 mm thickness in each layer. Applying the Taguchi method, the study also re-
vealed that the infill pattern is the most important factor that strongly impacts compressive
strength. Furthermore, Dermeik et al. [23] examined the LOM process with ceramic-based
materials. The study indicated that this technique could be applied to SiC, Al,O3, SizNy,
glass, and AIN ceramics. Moreover, the special advantages of the LOM process com-
pared to other additive manufacturing processes are the large-scale parts and rapid speed.
The ceramic-based LOM part with function porosity could be applied in energy generation,
security, aerospace, and electronic devices. Prechtl et al. [24] surveyed the LOM process by
using metal foil. Initially, the metal foil is cut by a laser cutting machine. After that, the
metal foils are joined together by soldering or diffusion welding. Interestingly, Obikawa
etal. [25] investigated the LOM process with a 0.2 mm-thick steel sheet coated with a 40 pm
low melting temperature alloy. The steel sheets were pressed to create the laminated
products with the assistance of an induction heater. Thereafter, the laminated sheets were
cut to the desired shape. The LOM samples were tested via a peel test and a bending test,
indicating good metallic bonding. Notably, the LOM strength can be comparable to that of
solid steel when the initial steel sheet is not thick.

Joghan et al. [26] studied a rapid prototype process with steel sheets to create complex
die geometry. The study also cut the steel sheet and then joined them by laser power
with the assistance of metallic powder as a binder. The surface was then subjected to
milling, ball burnishing, and finally laser-treatment processes. The LOM process in produc-
ing the deep drawing dies achieved a rapid speed and complex die shapes with cooling
channels and functional parts, saving energy when compared to traditional powder 3D
printing. Pilipovic et al. [27] investigated the LOM process with polymeric materials using
PVC film. This study also surveyed the influence of the orientation of the film on the
tensile strength of the LOM samples, indicating that the orientation Pxy obtained optimal
properties. On the contrary, the orientation Pz must be avoided due to its low strength.
Besides the strength, orientation and chamber filling also impacted the processing speed
and the manufacturing cost. The study also suggested that further investigation into other
polymeric materials should be conducted in the future. Park et al. [28] studied the char-
acteristics of the composite material created via the LOM process via both a simulation
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and experiment with 27 processing parameter cases. The results pointed out that the
highest interlaminar shear strength was 8.55 MPa, which is also the ultimate shear strength
of the LOM samples. Moreover, the simulation model with the finite element method
achieved a comparable result to the experimental study, reducing the number of experi-
ment cases. Interestingly, Tao et al. [29] used wood-based materials to create 3D objects
by applying the LOM process. The wood lamination was cut by laser and then adhered
with polyvinyl acetate adhesive. During the sticking process, a model contour could be
applied to ensure the 3D shape. Finally, the lamination stocks were pressed under 10 N
force for five minutes to generate a strong bond. Interestingly, the wood-based LOM prod-
uct could obtain complex shapes with large internal voids, especially using wood veneer.
The wood-based LOM product might be used as material matrices and patterns for func-
tional applications, for example, composite structures and sound absorbers. The disad-
vantage of this technique is the high tolerance of the product when using thick wood
layers. However, further post-processing, like surface finishing, could be applied to
minimize the tolerance of the samples. The benefits of the wood-based LOM product
compared to the other additive manufacturing processes are the larger scale and fewer
adhesives. Interestingly, Kozior et al. [30] combined fused filament fabrication (FFF),
photo-curing of liquid polymer resins (PJM), and electrospinning (ES) technology to create
3D printing samples. The parameters that were studied were print parameters, which
included the direction of printing, layer thickness, and level of material fill, and electro-
spinning process parameters, which included humidity, voltage, and chamber temperature.
This study shows that polymers used for electrospinning can be used to create nanofibers
and adaptable composites with various characteristics for specific medicinal purposes.
The study also proved that the production of denser nanofibers with larger diameters or a
denser matrix is possible.

Zhang et al. [31] were able to create ceramic-based materials by using the LOM process.
The study used Al,O3 ceramics and polyvinyl butyral tape to create 3D samples. Thereafter,
the samples were sintered at 1580 °C to finish the bonding process. The ceramic-based
LOM sample had asymmetrical properties and could be suitable for complex shapes and
low-strength requirements. Besides using a single material as the lamination for the LOM
process, some researchers applied two different materials for LOM products. For example,
Sasahara et al. [32] used metal-polymer lamination to create mechanical parts with a high
strength. The epoxy resin, used as a polymer layer, was bonded with the metal layer by
adhesive. Then, the 3D object was cured at 200 °C to establish a strong bond. Due to the
advancement of the LOM process with metal-polymer lamination, a cooling channel unit,
a spherical shell, and a honeycomb thin-wall shape were successfully produced. These
complex shapes are extremely hard to create with the traditional milling process. However,
the investigations about low-carbon steel sheets are not mentioned in detail. Especially, the
effects of heating movement strategies on the LOM process are rarely investigated.

This study tries to examine the effects of heating movement on the characteristics of
a 3D printing sample created by the LOM-type method using a low-carbon steel sheet.
The steel sheet is joined by a tungsten inner gas (TIG) machine named Jasic TIG 200A from
WELDCOM Industry, JSC, Hochiminh city, Vietnam combined with a CNC machine which
was built for lamination object manufacturing method. These types of equipment have a rea-
sonable cost and are always available in the industry. The microstructure, fracture surface,
and tensile properties of the LOM samples are surveyed. The results can shed more light
on the LOM technique using low-carbon steel sheets with different movement strategies.

2. Experimental Methods

In this study, we used S20C plain carbon steel with the nominal chemical composition
presented in Table 1. The steel plate was divided into small lamination sheets with the
dimensions of 150 mm x 25 mm x 1.0 mm. Compared to other conventional LOM
processes, this study uses a thick lamination sheet. Therefore, the lamination sheet must be
cut into pieces before joining them together. Moreover, this study applied a TIG machine as
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a heat source to join the lamination sheets. Initially, the steel laminations were placed on
a thick S20C steel base to be joined together by a TIG gun that was assembled in a CNC
machine. The TIG gun generated an electrical arc to join the lamination sheets together.

Table 1. Chemical composition of S20C steel for the lamination sheet for the LOM process.

Weight %

C

Si Mn P S Ni Cr Cu Fe

520C

0.18-0.23

0.15-0.35 0.3-0.6 0.03max 0.035max 0.2 max 0.2 max 0.3 max 99.08-99.53

In this study, the movement strategy of the heat source (TIG gun) is investigated.
The TIG gun moved in different movement strategies, including long straight-profile (D),
short-profile (N), cross-profile (HC), and curved-profile (DT), as shown in Figure la—d.
Figure 1e—g shows the steel lamination, the ASTM E8/E8M-13 standards sample, and the
tensile test samples [33]. Figure 2 shows the LOM equipment, which is the combination of
TIG and CNC machines, and the tensile test sample position. After creating a steel piece, it
was cut by a wire electrical discharge machine (EDM) following ASTM E8/E8M-13 standards
for further tensile testing, as shown in Figure 2c. After many experimental works,
the TIG welding parameters were set at the optimal values, as presented in Table 2. The
TIG parameters were selected to ensure a suitable heat source, preventing the LOM sample
from melting or lacking bonding. Too much heat source could cause leaking, while not
enough heat source could lead to poor bonding. The sample surface was ground after each
lamination sheet formation to ensure a flat and clean surface.

(e)

Figure 1. The LOM movement strategies and samples: (a) straight-profile, (b) short-profile,
(c) cross-profile, (d) curved-profile, (e) steel lamination, (f) ASTM E8/E8M-13 standards sample, and
(g) tensile test samples after wire EDM cutting.

The tensile tests were conducted by a tensile test machine named SANS model
CHT4106, China. Each experimental number was conducted with three samples.
Before the tensile test, the samples were cut via a wire EDM to ensure dimension accuracy
and good surface roughness. Furthermore, the sample sizes were measured, especially the
sample cross-section, to help calculate the tensile strength. The microstructure of the sam-
ples was observed via a metallurgy microscope named Oxion OX.2153-PLM EUROMEX,
Holland. The samples were polished and etched using 4% Nital solution before the metal-
lurgical microstructure was examined. The fracture surface of the LOM samples after the
tensile test was examined by a scanning electron microscope (SEM) named JEOL 5410 LV,
Tokyo, Japan.
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Tensile test sample
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(b)
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Figure 2. The LOM equipment and sample position: (a) CNC machine with TIG gun, (b) LOM
process, and (c) tensile test sample position.

Table 2. Experiment parameters and four movement strategies of the LOM process.

No. U (V) I1(A) Arc Length (mm)  V (mm/min) Argon (L/min) = Movement Strategies

1 Straight-profile—D

2 Short-profile—N
— 220 165 2 35 11

3 Cross-profile—HC

4 Curved-profile—DT

3. Results and Discussion
3.1. Microstructure

Figure 3 presents the microstructure of LOM samples with different movement strate-
gies. This is the microstructure of plain carbon steel, consisting of pearlite and ferrite phases.
The pearlite phase has a darker color, scattering on the ferrite matrix with a brighter color.
The microstructure of the samples is dominated by the ferrite phase, while the pearlite
phase ratio is greatly smaller, indicating the typical microstructure of low-carbon steel.
Different from the texture shape of the original cold-rolled lamination, after melting and
crystallizing, the samples have an isotropy grain shape. The grain size is quite small due
to the rapid melting and cooling during the LOM process. There is not enough time and
heat source for the grain to grow. Furthermore, the grain size could be affected by the
movement strategy due to the difference in heat source. Different movement strategies
lead to different heat times for the grain. To examine the grain size number and grain size
distribution, the following figure will give more information.

Figure 4 shows the grain size number distribution following the ASTM E112-10
grain size number standard for the LOM samples with different movement strategies [34].
The grain size number of the LOM samples ranges from 6 to 10, but mostly focuses on
7 t0 9. Most grains have a grain size of eight. The traditional grain size number of the steel
is 6-7. The LOM technique achieves a finer grain size due to the rapid melting and cooling
during the fabrication process. Remarkably, the difference in grain size between the LOM
samples with different movement strategies is small. Interestingly, the straight-profile has
a sufficient number of grains that reach grain size number nine. This result indicates that
the straight-profile has the smallest grain size, as shown in Figure 4a. On the other hand,
the curved-profile achieves the largest grain size with many grains reaching grain size
of nine, as shown in Figure 4d. In general, the grain size number is slightly influenced
by the movement strategy. However, this influence is not so strong. The reason for the
difference among these samples is the heating time during the LOM process. With the



Metals 2024, 14, 356 6 of 12

longest pathway, the straight-profile sample has more time to release the heat. Therefore,
after melting, the grain has less time to grow during the crystallization process, leading
to a smaller grain size. This phenomenon is similar to that which Uyen et al. [35] report.
In reverse, the other movement strategy has a denser pathway, leading to a higher heat
concentration. Therefore, the grain size has more time and heat energy to grow, resulting
in a coarser grain size. In particular, the curved-profile obtains the largest grain size as
its movement strategy has the densest pathway, as shown in Figure 1. To observe micro
defects, the fracture surfaces of the LOM sample are observed via an SEM microscope.

Tl T

‘*’3*{“

Figure 3. Microstructure of LOM samples with different movement strategies: (a) straight-profile,
(b) short-profile, (c) cross-profile, and (d) curved-profile.

(a) D profile (b) N profile
140 131 160 147
120 140
3 100 . 3120
C C 100
. L
8 60 g 60 53
= 40 & a0 I
23
20 5 20 2
L0 2 0 oo H
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Grain size number Grain size number
(c) HC profile (d) DT profile
160 440 121
> 140 135 120
2 10 3 100
g 100 C -
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Figure 4. Grain size number distribution following ASTM E112-10 grain size number standard
of the LOM samples with different movement strategies: (a) straight-profile, (b) short-profile,
(c) cross-profile, and (d) curved-profile.
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Figure 5 presents the SEM microstructure of LOM samples of fracture surface after ten-
sile testing with different movement strategies. These figures provide better magnification
than the traditional optical microscope, which can find smaller defects. The samples are
tested via an SEM microscope named JEOL 5410 LV with a voltage of 5 kV, magnification
of X500, working distance of 6.8-8.7 mm, and an emission current of 59,700-66,100 nA.
The figures show that the samples are ductility damaged due to the appearance of dimples.
According to Pan et al. [36], the dimples are created from voids that grow under plastic
strain. The voids grow up and join together, or coalesce, to create dimples. The dimples
are perpendicular to the applied tensile direction. The brittle fracture surface has a flatter
shape with cleavage and intergranular modes. Moreover, there are some large dimples or
pores that could be formed during the LOM process. Notably, the microstructure of the
short-profile sample and cross-profile sample has some pore defects that form during the
LOM process. The straight-profile and curved-profile samples have a better microstructure
than the short-profile and cross-profile samples because there are no pore defects in the
straight-profile and curved-profile samples. However, these samples need further mechan-
ical tests to evaluate the quality of the microstructure. Therefore, besides grain size and
SEM microstructure, the tensile strength of these samples in the following section could
provide more information about the quality of the LOM samples.

Wk

Figure 5. SEM microstructure of LOM samples of fracture surface after tensile test with different
movement strategies: (a) straight-profile, (b) short-profile, (c) cross-profile, and (d) curved-profile.

3.2. Tensile Strength

The stress—strain diagrams and the average tensile strength of LOM samples of fracture
surface after tensile testing with different movement strategies are shown in Figures 6 and 7.
The average ultimate tensile strengths (UTS) of the samples are 430 MPa, 398.6 MPa,
332.5 MPa, and 386.8 MPa, respectively, corresponding to LOM samples of straight-profile,
short-profile, cross-profile, and curved-profile. Most LOM samples obtain a similar UTS
value compared to the original steel lamination, which is 402 MPa. The straight-profile
sample has the highest UTS value of 430 MPa, while the cross-profile has the lowest one of
332.5 MPa. There could be some pores in the straight-profile sample, which is the tensile
test result presented in Figure 6a. Therefore, the curve of this sample has some irregular
shape in the initial period. Furthermore, only a sample of a straight-profile achieves a UTS
value higher than the original S20C lamination, which is 402 MPa, due to its fine grain size
and good microstructure. On the contrary, the short-profile and cross-profile samples have
a lower UTS value than the original steel lamination. The reason could be the pore defects
appearing during the LOM process of the short-profile and cross-profile samples, as shown
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in Figure 5b,c. Moreover, smaller grain size is also the reason why the straight-profile
and curved-profile samples have better UTS values than the short-profile and cross-profile
samples, as shown in Figure 4a—d.

(a) D profile (b) N profile
500
400
350
300
200
150
100

Stress (Mpa)

10 15 20 25 0 2 4 6 8 10 12

Strain (%) Strain (%)

(c) HC profile (d) DT profile

600
500
400
300

200

Stress (Mpa)

100

: g $ o o 0 5 10 15 20 25 30 35 40

Strain (%) Strain (%)

Figure 6. Stress—strain diagrams of LOM samples of fracture surface after tensile test with different
movement strategies: (a) straight-profile, (b) short-profile, (c) cross-profile, and (d) curved-profile.

- 430
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I 332-5 I I
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Figure 7. Average tensile strength of LOM samples of fracture surface after tensile test with different
movement strategies.
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Figure 8 displays the average elongation of LOM samples of fracture surface after a
tensile test with different movement strategies. The average elongation values of LOM
samples are 25.6%, 11.2%, 10.8%, and 21.7%, corresponding to LOM samples of straight-
profile, short-profile, cross-profile, and curved-profile, respectively. Different from the
UTS value, the elongation value is more sensitive to the movement strategy. This means
that changing the movement strategy causes enormous differences in the elongation value.
The elongation values of the short-profile and cross-profile samples are only half of those
of the straight and curved-profile samples. Moreover, compared to the original steel
lamination, all samples have a lower elongation value due to the appearance of porosities.
Samples with straight- and curved-profiles achieve a good elongation value, which is
close to the 28% value of the original steel lamination. However, samples with a short-
profile and a cross-profile have greatly lower elongation values compared to the original
steel lamination. The main reason could also be many pore defects appearing during the
LOM process, as shown in Figure 5b,c. The difference in grain size between the LOM
samples with different movement strategies is small; therefore, its effect on the elongation
is also minor. Overall, during the LOM process, the pore defect has a stronger effect
on the mechanical properties than the grain size effects. Considering both the UTS and
elongation values, samples with a short-profile and a cross-profile achieve a better quality
than samples with a short-profile and a cross-profile. The suitable movement strategy of
the TIG gun could result in a good LOM sample with good microstructure, tensile strength,
and ductility.

35 |-

30 | 28
i 25.6

21.7

N
(@]

Elongation (%)
o

RN
o

D profile N profile HC profile DT profile  S20C

Sample

Figure 8. Average elongation of LOM samples of fracture surface after the tensile test at different
movement strategies.

To have a better overview of the LOM process, Table 3 shows the comparison of UTS
for the LOM process in some reports. The UTS value is strongly impacted by the materials
that created the original laminations. For example, Parandoush et al. [20] reported an
extremely high UTS value of the LOM sample of 668.3 MPa. The reason for this is the
application of high-strength carbon fiber-reinforced thermoplastic materials. In reverse,
some natural-based materials achieved a greatly lower UTS. Kumar et al. [22] revealed
that the UTS value of the polylactic acid generated by the LOM process is only 42.47 MPa.
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Jiang et al. [37] also indicated that woven jute fabrics/bioresin materials used for the
LOM process only achieved a UTS value of 28.32 MPa. Alimuzzaman et al. [38] achieved
a UTS value of 91.25 MPa when using PLA /bagasse as original lamination materials.
Moreover, the adhesive material also dramatically impacts the LOM product’s strength.
Govender et al. [39] reported that aluminum/epoxy LOM samples only obtained a
low UTS value of 50.6 MPa due to the weak bonding of the epoxy. Importantly, using steel
lamination as the original materials in the LOM process could reach a high UTS value.
Both Chen et al. [40] and Hung et al. [41] achieved a UTS value that is higher than this
research study. Chen et al. [40] gained a UTS value of 551 MPa by using AISI 1010 steel,
and Hung et al. [41] achieved a UTS value of 565 MPa by using SUS 304L steel.

Table 3. The comparison of UTS of LOM process in some reports.

No. UTS Value (MPa) Materials References
1. 668.3 Carbon fiber-reinforced thermoplastic Parandoush et al. report [20]
2. 42.47 Polylactic acid Kumar et al. report [22]
3. 28.32 Woven jute fabrics/bioresin Jiang et al. report [37]
4. 91.25 PLA/Bagasse Alimuzzaman et al. report [38]
5. 50.6 Aluminum/epoxy Govender et al. report [39]
6. 551 AISI 1010 steel Chen et al. report [40]
7. 565 SUS 304L steel Hung et al. report [41]
8. 332.5-430 S20C steel plate This research

4. Conclusions

In this study, the impacts of heating movement strategies on the characteristics of
3D-printed low-carbon steel samples generated via the S20C sheet lamination method were
examined. A CNC machine and TIG welding machine were used to join the steel sheet.
The LOM samples were generated with a straight-profile, short-profile, cross-profile, and
curved-profile. The samples had an isotropy grain shape, mostly having a grain size number
of 7-9. In the fracture surface, dimples appeared in the LOM samples, indicating ductility
fractures. During the LOM process, some pore defects appeared in the microstructure of
the cross-profile sample and the short-profile sample, reducing the quality of the sample.
The microstructure of the samples with straight- and curved-profiles is better with smaller
grain sizes and fewer pores. The samples with a straight-profile and a curved-profile
achieved a better combination of UTS and elongation value than the samples with a short-
profile and a cross-profile. The finer grain size and better microstructure are the reasons
for the better tensile strength and elongation of these profiles. The best LOM sample was
a straight-profile sample with a UTS value of 430 MPa and an elongation value of 25.6%.
In reverse, the LOM sample with a cross-profile had a UTS value of 332.5 MPa and an
elongation value of 10.8% was the weakest sample. This study can provide more insight
into the LOM technique with the optimal straight-profile movement strategies. A suitable
TIG gun movement strategy could produce a good LOM sample with good microstructure,
tensile strength, and ductility. In future work, more movement strategies and methods
should be introduced to eliminate the appearance of pore defects.
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