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ABSTRACT

3D printing or additive manufacturing (AM) is a technology that enables the fabrication of 3D data by depositing a thin layer of material
layer-by-layer until a final product is produced. Recently, the application of metal-based material has been increasingly utilized. However,
the price is expensive and limited to certain applications only. Thus, it severely restricts access to the technology for small and medium
enterprises. Realizing its potential, this research focuses on the design and development of a low - cost 3D metal printer. The basic
construction, process, and operation to develop a low-cost 3D metal printer are presented along with the material costs, connection of
electronic part, and illustration of metal inert gas (MIG) welding. In order to test the newly developed low-cost 3D metal printer’s
performance, the main parameters that influence the accuracy and quality of a metal product are tested. The 3D printed structure’s
accuracies are examined and compared to computer-aided design data (CAD) data. The cross-sectional area of the samples was captured
using SEM to check for the bonding between inter layer.Based on the study, it was found that a relatively acceptable 3D printed metal
structure can be produced from the newly developed low-cost 3D metal printer. Thus, while having explored the potential of using the
developed solution, it also opens-up into the area of further investigation particularly in the precision of observed over desired.
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1. INTRODUCTION

3D printing or additive manufacturing (AM) is a group of technologies that
are used to build prototypes, physical models and finished parts from
three-dimensional (3D) computer aided design (CAD) data [1]. Study
showed the technology has developed rapidly and has proven its
effectiveness, especially for design and small production [2-4]. According
to research, AM technology allowed for the direct fabrication of physically
complex shapes from its corresponding CAD with minimum adjustments
by using a layer-by-layer deposition technique [5-7]. This is one of the
attractive characteristics of objects generated by 3D printing. In fact, the
increasing application of 3D printing technology has driven manufacturers
and individuals to improve the machine, especially for process fabrication.
Compared to the traditional process which requires jigs, moulds, and tools
during the manufacturing of a product, the use of 3D printing eliminates
some of these requirements. A scholar said this technology has
revolutionized the production process and slowly replacing conventional
manufacturing process [8]. Thus, the use of 3D printers assists the
production process and therefore saves a great deal of time and money.

The rapid growth of 3D printers has the potential to change the
manufacturing industry in the coming years. Recently the presence of open
source system allows the 3D printer to be built with low cost of fabrication.
According to previous research, this extremely increase the popularity and
growth of low cost 3D printer since open source system allowed anyone to
redistribute, study and modify without restriction [9,10]. The open source
models that are already available is such as RepRap, fab@home, and
Ultimaker. The RepRap open source or replicating rapid prototyping is the
most famous and successful open source project [11]. It was started by
Adrian Boyer from the University of Bath (UK) in 2005. The aim was to
establish a 3D printer capability which can repeat a significant number of
its own structural components [12]. In years 2008 to 2010, the estimated
number of RepRap users had increased from 4 to 4500 [13].

Recently, there has been an increase in demand of metal prototypes and
tools. The introduction of non-polymeric material, including metal has
been widely used in 3D printing applications. Based on a study, direct
metal prototypes can be approached using processes such as selective
laser sintering (SLS), direct metal deposition (DMD), shape metal
deposition (SMD), electron beam melting, and the most recent plasma
deposition manufacturing process [14-19]. The different welding
techniques may influence the mechanical properties of the metal parts
produced, and the selection process depends on the required deposition
velocity, size and surface quality. Based on a previous study, the welding
process was used to build 3D parts for the first time by Baker where
containers and useful shapes were produced. A scholar had successfully
developed a 3D structure using a rapid prototyping process with a
combination of micro tungsten inert gas (micro-TIG) welding and a layered
manufacturing method [20]. The result showed that a 3D structure
without mould for micro component metals with high strength and
oxidization resistance can successfully be built. A previous scholar had
developed a multi-layer single bed wall by combining both laser beam
deposition and shaped metal deposition which two different wire-based
additive layer manufacturing techniques are [21]. From their result, it is
confirmed that these two processes can be used for AM applications.
Jandric had focused on the manufacturing of 3D metal parts using gas
tungsten arc welding (GTAW). The result showed that the 3D metal parts
built have a very uniform microstructure and are free from cracks and
porosity. Different with Ghariblu that had produce layered of
manufacturing metal part by combining the additive and subtractive
process. As a result, the part produced had improved geometric accuracy
and surface quality of layered part [22].

Currently, the laser-based system and electron beam is the most common
technology used to produce 3D metal parts due to the promising quality
that can be produced. However, the price is high and the usage is restricted
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to expensive parts only. In order to minimize costs, this project has
developed a new low-cost 3d metal printing. The application of metal inert
gas (MIG) welding and open source microcontroller is proposed in this
study. A study showed MIG welding is a process to joining metal part by
heating up to their melting point with an electric arc [23]. A significant cost
reduction can be achieved, but the method used has immense benefits to
the commercial 3D metal printing industry. Hence, it makes it more
accessible for small and medium production to manufacture and
customize parts rapidly [24].

2. DESIGN AND DEVELOPMENT

A

The design of the proposed 3D metal printer as shown in Figure 1 was
derived and improve from the existing Prusa i3 open source system. Based
on aresearch, Prusa i3 open source system is the newest and most current
3D printer design by RepRap, where the design is an improvement of Prusa
Mendel’s technology [25]. The advantage of the Prusa design is that it
consists of three movements of the axis which can be developed
independently. Hence, the design process can be simplified [26]. The
machine comprises two distinct components; metal inert gas (MIG)
welding and 3D printer machine. Several parts of the 3D metal printer
component are the custom design of a mechanical component which
printed on RepRap 3D printer as shown in Table 1. After acquiring all the
part need as shown in Table 2 the 3D metal printer is ready to assemble.

Figure 1: Comparison between the CAD design (a) and the actual newly developed low-cost 3D metal printer (b)

The components consist in developing 3D metal printer machine are; a
pair of bearing holder and motor bracket, motor casing, shaft holder, ball
screw, coupling, limit switch, linear bearing, stepper motor, polyurethane
cylinder, polytetrafluorethylane (PTFE) plastic cylinder and various
fastener. The 3D printer consists of three movement of axis which is x-axis,
y-axis, and z-axis. Each axis has its respective function while moving,
which is controlled by an open-source microcontroller. The x-axis
functions to move the printed bed where, the movement from rotating to

linear is converted by a ball screw. The y-axis component is attached to the
top of the printed bed and its function same as the x-axis but is different in
terms of movement direction. However, y-axis and printed bed are
separated with PTFE plastic cylinder due to high voltage current flow from
MIG welding that will affect the wiring system of the microcontroller. The
third axis is the z-axis, which moves the MIG nozzle in the z-direction and
is powered by a two-stepper motor. Polyurethane cylinder is used to
absorb all the vibration that might occur during printing process.

Table 1: Custom design printed on RepRap 3D printer machine

Image Printed component Number
A pair of bearing holder 2
A pair of motor bracket 2
Motor casing 2
Shaft holder 2
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The metal inert gas welding machine (Weldone, Model: MAG 215) was
used to supply the material and energy required to melt the material as
shown in Figure 2. The movement of printer and the translation of
command from the printer’s server to host computer is controlled by
firmware provided with an Adruino microcontroller. The connection of
microcontroller used is as shown in Figure 3. The material costs are shown
in Table 2 which includes the parts’ name, quantity, and cost. The total cost
of producing the 3D metal printer is about RM 3496 which is still
affordable when compared to existing commercial high-end 3D metal
printers available in the market.

Table 2: Material costs for the newly developed low-cost 3D metal printer

electrode \

10 mm aluminum plate 628 mm x 605 mm 1 210.00
10 mm aluminum plate 628 mm x 300 mm 1 110.00
3 mm aluminum sheet 300 mm x 300 mm 1 40.00
M10 nut 9 9.00
Polyurethane cylinder 5 25.00
PTFE plastic cylinder 5 25.00
MIG welder 1 1900.00
All fasteners 30.00
Total 3496.00

In order to ensure the metal print is connected during operations, the MIG
welding was set to switch on and off automatically. The shielding gas was
set to flow before the printing process starts. The welding torch was
placed under the fixture design perpendicular to the bed to build the
surface. The distance between the bed surface and nozzle was adjusted to
about 6 mm by leveling the height of the welding torch. The process used
the firmware, printer interface, and slicing software. The process starts by
slicing the 3D CAD model and converting it to G-code. Later, the code reads
the movement in the numerically controlled programming language which
then gives instruction to the 3D printer on how to make a model. During
the process, the printer interface sends the G-code to the printer and the
firmware interprets the G-code into actual movement. The open source
firmware used was Cura which functions as a translator of the G-code into
motion, thus controlling the motion of the 3D printer and giving the
information when the end stop is activated or responses when problems
occur. The printer starts to move to home position (0,0,0) after receiving
signal from the firmware. The MIG welding starts to build from the bottom
to the top area, layer by layer until one complete product is obtained. The
time consumed to complete one product depends on speed used, the size
of the product, and the complexity of product.

Item Quantity  Cost (RM)
Adruino compatible MEGA 2560 1 59.00
Nema 23 stepper motor (1.8 deg) 4 400.00
Stepper driver 8825 4 54.00
Endstop switch 3 9.00
Rod bracket 8 80.00
Linear bearing 6 48.00
Ball screw set 15 mm 2 200.00
Ball screw set 8 mm 2 200.00
Coupling 5 mm x 8 mm 2 18.00
Bolt stud M10 x 2 m 1 5.00
Mild steel angle 1 13.00
Mild steel square 1 17.00
Bearing 6 18.00
U clamp 2 6.00
Ujoint 2 20.00
Continuous
Deposition
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Figure 2: Illustration of MIG welding
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3. EXPERIMENTAL PROCEDURE

As shown in Figure 4, the 3D metal printer machine with MIG welding used
to carry out the new experimental set-up. The newly developed low-cost
3D metal printer machine has 3 axis where are x, y, and z. A welding torch
is mounted to the z-axis. The deposition by welding uses MIG welding with
low carbon steel alloy (ER706-S) as its material. The welding torch
movement is controlled manually from their sources simultaneously with

the 3D printer machine. The z-axis moves as much as the layer height
setting for every layer. The computer used to control and monitor printing
process. A substrate 300 mm x 300 mm x 8 mm in size was used as the
substrate base where the manufactured objects are produced onto it. In
this experiment, a welding torch with wire 0.8 mm in diameter and pure
argon as shielding gas were applied. The distance between welding torch
and the substrate was 5 mm. The layer height was 2 mm for every layer
and the density fill is 100%.

MIG torch |

b

halll;
LI

3D metal printer

Controller +—

Computer

I

ArGas

MIG

Equipment

Figure 4: Arrangement of experimental apparatus setup

In order to test the performance of the newly developed low-cost 3D metal
printer machine, two sets of experiment were performed. Two specimens
were prepared using the 3D CAD which were a custom cylinder (40 x 25 x
30 mm) and a rectangular design (40 x 10 x 60 mm). The CATIA drawing
as shown in Figure 5 is a sample of digital model that is converted to a
physical object using a layer by layer printing. The aim for the first

(@)

experiment is to find the suitable voltage during 3D printing that produce
relatively good bead geometry of 3D printed part. At first, the welding was
deposited along the custom cylinder design. The parameter used for
welding voltage varied from 18.5 V to 22.5 V. The first experiment was
done with a constant speed of 50 mm/s and current of 100 A. The final
dimensions were taken and compared with the actual CAD data.

/

(b)

Figure 5: CATIA drawing of the two specimens (a) Custom cylinder for first experiment (b) Rectangular design for the second experiment

The second experiment was designed so that capability of the newly
developed machine to 3D print a rectangular shape can be analyzed. The
aim of the second experiment is to find the suitable value of speed in
producing good structure. The quantity of layers manufactured was
observed by examining the accuracy of CAD data and scanning their
surface morphology using SEM to ensure the layer perfectly coincide with
each print layer. In order to evaluate the 3D print part quality, the Vickers
hardness parameter was measured across the 3D printed rectangle shape.
Four tests were carried out with speeds of 20, 40, 60 and 80 mm/s
respectively. In each of the tests, the wire feeding speed, layer height,
current, and voltage were kept constant.

4. RESULTS AND DISCUSSION

The dimensional accuracy of the component part is important, and it
represents conformity between the CAD and actual 3D printed samples.

60

40 373

Height (mm)

20 Speed = 50 mm/s
Welding current = 100 A
Benchmark = 40 mm

36 35.7

Five samples were printed for the first experiment and the average values
are recorded. The final dimension was measured and the results are as
shown in Figure 6(a-c) for height, inner and outer diameter. Based on the
results, there is a significant difference in the print accuracy of the sample
when their voltage was varied while their speed was kept constant at 50
mm/s for every sample. The result shows that none of the tests give
accurate dimensions with a tolerance of 0.5 mm. This occurs because
voltage is one of the most important factors that must be held under
control. Study showed the high and low voltage gives impact on the bead
geometry [27]. Excessive voltage can cause porosity, while excessive
spatter produces narrow bead geometry. However, low voltage may also
cause porosity and overlapping at the edges of the weld bead. Based on
observation, higher voltages reduce the size of the specimen. This is due
to the excessive flow of molten metal, or in the process of multi-layer
deposition, the existing layer had not fully solidified but another layer is
deposited onto it.

34.1 23.8
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Figure 6: (a-c) Influence of voltage on the manufactured layer’s (a) height, (b) inner diameter, and (c) outer diameter.

The second experiment was performed to find the suitable printing speed.
This is due to the results from the previous experiment where the constant
speed used is not suitable and also influences the product printed to be
inaccurate according to the CAD data. According to a scholar, speed is the
rate of welding that travels along the work piece and influence on
consolidation of bead characteristics [28]. Slower speeds provide a larger
bead size because of the longer heating time. However, if it is too slow,
unusual weld build were occurred which can cause poor fusion and rough
bead surface. Based on the first experiment, it was found that the voltage

setting at 20.5V produce good quality of metal part printed, but not
accurate in dimension as shown in Figure 7. The low carbon steel wire (ER
706-S) with 0.8 mm in diameter was used as the material for the MIG
welding. Similar parameters that were set in the first experiment were
used in the second experiment except that the speed was varied while the
voltage and current used were held constant. Samples at different printing
speed were printed as shown in Figure 8 and the final dimensions were
measured.

Figure 7: Printed cylindrical part from the low-cost 3D metal printer

Figure 8 shows that the higher the speed used, the higher the deposition
rate were occurred, which reduces the size from the actual CAD. After the
final dimensions were taken, the results show that the approximate value
is 39.6 mm at 20 mm/s speed. Traditionally, welding is used for the joining
process and the important criteria are the depth of penetration, rate of
filler melted and stability of the process [29]. However, building the 3D
layered structure requires less heat input and optimum welding speed

[30]. The value should not higher than 20 mm/s since it also related to the
process of solidifying the liquid into beads. The opposite effect is that it too
slow because of the high heat input due to the longer heating time which
produces larger beads. Thus, the layers formed are not consistent and
thus, affect the dimensional accuracy. Figure 9 shows the effect of printing
speed on 3D printed height.



Journal of Mechanical Engineering Research and Developments (JMERD) 41(3) (2022) 47-54

C]

e |

(d)

Figure 8: Output of printing process (a) speed at 20 mm/s, (b) speed at 40 mm/s, (c) speed at 60 mm/s, and (d) speed at 80 mm/s

In order to obtain more information about the weld bead geometry’s
microstructure, the specimen was cut cross-sectioned. The sample was
grounded and polished first before etched with 2% Nital solution for
approximately 10 seconds to enhance the microstructural feature for the

microscopy work. Then, the section of the specimen was analyzed using a
scanning electron microscope. Figure 10 presents the microstructure of
the perpendicular cross section (x-y plane) to the build direction for
speeds of 20, 40, 60, and 80 mm/s.
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Figure 9. Effects of speed on the height of the printed part
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Figure 10: SEM micrographs representing various speeds to analyse the quality of multi-layer wall deposition at speeds of (a) 20 mm/s; (b) 40 mm/s; (c)

60 mm/s; and (d) 80 mm/s

The microstructure plays a role in determining the sample’s properties.
This research focuses on the scanning electron microscope of the cross-
section layer deposition as well as how these variable selections were
affected. As shown in the SEM images in Figure 10, it can be observed that
the layers of depositing metal have a dense structure. However, by varying

printing speeds, the different variations of layer deposition can be
observed. The result in Figure 10(a) shows that the layer perfectly
coincides with each print layer when compared with Figure 10 (b) (c) and
(d). The bonding between the inter-layers is poor and there is a slight
curvature at the specimen edges when the speed used is increased to more
than 20 mm/s. This poor bonding strength is due to the faster cooling rate
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when the previous layer is not fully solidified. The micro-hardness of the
manufactured layer was tested along the z direction from the bottom to
the top in order to evaluate the hardness between layers as shown in
Figure 11. Figure 12 shows the micro-hardness distribution along the
cross-sectional area of the rectangular specimen. Its multi-layer
deposition shows good bonding strength between the interlayer
deposition. A minimum hardness value of 43.9 HV was found at the top
manufactured layer and a maximum hardness value of 52.8 HV was found
near the substrate region. The distribution of hardness value for deposited
metal fluctuates along the cross-sectional area. The microhardness value
at the bottom is higher than the upper region. Based on a study, the result
is clearly supported by the current finding that had a similar result when
depositing Inconel 625 using gas tungsten arc welding [31]. This occurs
because the initial layer was deposited over the platform at room
temperature, giving it a higher cooling rate, which acts as a heat sink
compared to the subsequent layer. According to a researcher, the hardness
at the bottom region can be minimized by preheating the substrate, or

54

through a post-deposition heat treatment process [32].
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Figure 12. Micro-hardness distribution along multi-layer deposited sample

5. CONCLUSION

In the present study, a new low-cost 3D metal printer has been designed
and developed. The mechanism used is derived and improved design from
the existing Prusa i3 open source system and capable of printing metal
parts. The newly developed low-cost 3D metal printer is useful for small
companies which require low production quantities and customized
production but are not able to afford the existing commercial 3D metal
printers. However, secondary processing is required in order to get better
surface finish. Nevertheless, the study demonstrated that simple design
specimens were successfully fabricated using the MIG welding and 3D
printing process. The microstructure shows that the layer perfectly
coincides with each printer layer and the top region of manufactured layer
has the lowest hardness compared to the initial layer. However, further
research needs to be done in the future to improve the product’s quality
and to study the mechanical behavior of the parts produced by this
technique.
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