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ABSTRACT

The 3D printing technology is increasingly used in manufacturing, medicine, education, and various other
fields. This technology allows for the creation of parts with complex shapes, which would be difficult or
even impossible to manufacture using traditional machining methods. However, the quality of the printed
products is still a barrier to the widespread use of the 3D printing technology in industrial applications.
The former includes the accuracy of the shape, size, and mechanical properties of the printed products.
Research to improve the efficiency of the printing process and the printed product quality is essential for
application fields. This study, through experiments, determines the relationship between the shape
deviation of the printed products and the set of printing parameters. The latter includes the laser power,
printing speed, and printing layer thickness. Experimental studies were conducted on the FF-M180D
printer using the Selective Laser Melting (SLM) printing method. Ti6Al4V powder is utilized as printing
material for this study. Based on the regression model showing the relationship between the printing
parameters and shape deviation, the optimal set of parameters to minimize the shape deviation was
determined.

Keywords-Selective Laser Melting (SLM); optimal printing parameters; shape deviation; regression model;

quality of printed products

I.  INTRODUCTION

3D printing or additive manufacturing is a method of
creating 3D products by adding material layer by layer,
allowing the creation of products with complex shapes. Since
the 1980s, the 3D printing technology has been proposed for
application in the product design stage, using plastic materials.
Nowadays, with the advancement of science, technology, and
new materials, many printing methods are employed for
plastics and other materials, such as metals and composites [1].
On the other hand, the 3D printing technology is not only used
in the design stage to create the initial prototypes, but is also
utilized to create the final products [2]. This means that the
created products ensure the geometric accuracy while
satisfying the mechanical and physical criteria to meet the
requirements of the final product. According to ASTM
standards, the additive manufacturing technology is classified
into 7 groups: powder bed fusion, directed energy deposition,
binder jetting, material jetting, material extrusion, vat
photopolymerization, and sheet lamination, as shown in Figure
1[3].

Additive Manufacturing
(the methodology of formation of the

grinted Emducté

Powder Directe-d Binder Material Material Vat Sheet
bed fusion d:::sri::‘on jetting jetting extrusion | [ photopolymerizati laminati
Fig. 1. Classification of additive manufacturing.

There are various printing methods in the powder bed
fusion group, namely the Selective Laser Sintering (SLS), Hot
Isostatic Pressing (HIP), Direct Metal Sintering (DMLS), laser
micro sintering, SLM, and laserCUSING process [4]. Among
these methods, SLM is commonly used to print parts from
metal powder. The principle of 3D printing deploying the SLM
method is depicted in Figure 2. In the SLM method, with the
first printed layer, the powder layer is spread on a substrate.
After the powder is spread, the laser source changes the
sintering position through the optical system to sinter the
powder layer. Once the first layer is printed, the machine table
is lowered vertically by an amount equal to the thickness of the
printed layer. The powder feeding system spreads a layer of
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powder on the newly printed layer. Then, this layer of powder
is sintered by the laser source. This process is repeated until the
full height of the 3D model is printed. After printing, the
product is often post-processed to relieve the residual stress

caused by the rapid cooling through the annealing method. The
final product is then cut from the substrate employing a method
known as Electrical Discharge Machining (EDM).
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Fig. 2.

High-quality printed products exhibit geometric shape
accuracy, dimensional accuracy, and mechanical and physical
properties that ensure the working requirements of the product
[5, 6]. Most studies focus on the surface quality and mechanical
properties, while the shape accuracy, one of the most important
criteria affecting the product quality, especially that of the final
product, is less studied [7, 8]. The shape deviation includes the
positive deviation and the negative deviation, which represent
the difference between the desired part shape and the obtained
part shape, as shown in Figure 3.

Obtained part 7

shape Desired part

Positive shape

deviation /

N\

» Negative /V
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Fig. 3. Definition of the shape deviation.

The shape deviation in the printed product arises due to the
effect of the thermal energy during the sintering process of the
metal powder and the rapid phase transition between the solid
and liquid states. Authors in [7] conducted experimental studies
on the influence of printing parameters, including laser power
and printing speed, on the shape accuracy when printing
AlSi10Mg alloy powder using the SLM method. In this

FF-M180D machine and mechanism of SLM.

experimental study, the laser power was varied in the range of
170 W-390 W, the printing speed ranged from 534 mm/s to
1225 mm/s, and the printing layer thickness was kept constant
at 0.03 mm. The change in printing layer thickness is also an
important factor affecting the accuracy of the printed products,
but it was not considered in this study. In addition to the
printing parameters, design parameters, such as part
orientation, part thickness, build position, and feature size also
influence the geometric accuracy of the printed parts [9].

Authors in [10] carried out an experimental research for
determining the shape deviation for the parts printed by
additive manufacturing. In this research, the layer thickness
was considered. However, the printed material is plastic with
the fused deposition modeling printing method being utilized.
Authors in [11] studied the shape deviation of horizontal
interior circular channels fabricated by laser powder bed fusion
with the 316L stainless steel powder. With the laser power
ranging from 60 W to 100 W and the printing speed ranging
from 150 mm/s to 350 mm/s, it was shown that the shape
deviation decreased with decreasing the laser power and
increasing the printing speed. Authors in [12] carried out
experiments for samples printed employing the SLM method
using an AlSil0Mg alloy. The SLM machine with 200 W laser
power and 250 mm/s printing speed for printing holes was
used, and then a FARO Quantum V2 FaroArm 3D scanner was
utilized for measuring the shape deviation. The experimental
results demonstrated that the largest dimensional deviation was
0.423 mm corresponding to a hole with a diameter of 6 mm.
Authors in [13] conducted a simulation and experimental
research on the SLM printing process with 17-4 PH steel
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material, laser power 183 W, and printing speed 1045 mm/s
and found that the size deviation is not greater than 10%.
Authors in [14] carried out an experimental study on the SLM
printing with Ti6Al4V powder in which the laser power
parameters varied from 55 W to 95 W, the printing speed from
150 mm/s to 1000 mm/s, and the line spacing from 0.0495 mm
to 0.099 mm. The maximum dimensional deviation was + 2.09
mm. The best dimensional accuracy was achieved with the
highest printing speed and medium laser power.
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Fig. 4. Shape and size of the printed sample.

The quality of the 3D printed products depends on four
groups of factors, including the printing method, printer
accuracy, printing process parameters, and printing materials
[15]. In this study, through experiments performed using the
SLM method and Ti6Al4V powder material, the relationship
between the geometric shape accuracy and printing parameters
was established. Deploying a regression model to demonstrate
this relationship, a set of printing process parameters was
determined to ensure the smallest shape deviation.

II. MATERIAL AND EXPERIMENTS

Ti6AI4V titanium alloy powder material with a large
particle size distribution ranging from 25 pm to 63 um was
used to print the samples. The percentage distribution of the
particle diameter (d) is: d < 25 pum, accounting for 0.8%; d in
the range of 25 um to 63 um, accounting for 83.4%; and d > 63
pm, accounting for 15.8%. The shape and size of the printed
samples are shown in Figure 4. The dimensions of the sample
(length x width x height) are 40 mm X 32 mm x 3 mm,
respectively. The FF-M180D printer using the SLM printing
method was utilized to print the samples. The printer's
technical parameters are: 1000 W laser source; maximum print
size with a diameter of 180 mm; print height of 100 mm; and
print layer depth from 0.02 mm to 0.06 mm. The protective gas
in the printing chamber is Argon. The objective of the
experimental study is to establish a mathematical model that
shows the relationship between the geometric deviation and
printing process parameters. Then, the optimal printing process
parameters are determined to minimize the geometric
deviation. Figure 5 displays the systematic procedure for
carrying out the experiments. The steps include: determining
the printing parameters; printing the samples; determining the
shape deviation; and establishing the regression model.

- Material properties
- SLM printer’s parameters
- 3D model of the sample

_

Printing parameters

and their values

= Laser power (W)

® Printing speed (mm/s)
® Layer thickness (mm)

Determining
the printing parameters

* Number of experiments
* Experiment plan
* Printing the samples

octerminig ey | |1 20 it e
deviation between
Ao model and
(RO T the printed model
and the printed model
= Establishing the —
relationship between —
shape deviation and Establishing
printing parameters the regression model
= Optimizing the printing
parameters
_—
- Mathematical model of the relationship
between printing parameters and shape deviation
- Optimal printing process parameters
Fig. 5. Systematic procedure for carrying out the experiments.

The input parameters, such as the printer specifications and
material properties, are crucial for determining the appropriate
range of the printing process parameters. For the materials, the
printing temperature must reach the phase transition point from
solid to liquid. If the temperature is not enough, sintering will
not occur; if the temperature is too high, the material will
change from liquid to vapor. Therefore, it is necessary to
accurately determine the phase transition temperature of the
material. For the Ti6Al4V material, the melting temperature is
1877 K [16]. During the printing process, the printing
temperature depends on the set of printing process parameters
including the laser power, printing speed, and printing layer
thickness [17]. Regarding the printing temperature, whether it
is high or low, largely depends on the laser power. On the other
hand, changing the values of the printing parameters will affect
the volumetric energy density (E), which is calculated as [18]:

E= % (J/mm’) (1)

where U is laser power (W), V is the printing speed (mm/s). % is
the hatching distance (mm), and ¢ is the layer thickness (mm).

A higher value of E results in a lower porosity and an improved
quality of the printed product [19]. However, the appropriate
value of the volumetric energy density (E) depends on the
material properties and printing process parameters. For the
Ti6Al4V material, research suggests different E values based
on the desired porosity, microstructure, and mechanical
properties of the printed product, such as E values ranging from
24.2 J/mm’ to 71.4 J/mm; [20]; E > 70 J/mm’ [21]; and E =
184 J/mm’ [22]. To determine the range of the printing process
parameters, a simulation study using COMSOL software was
conducted [23, 24], and initial experiments were also
performed using the FF-M 180D printer.
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Temperature distribution during the printing process.
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Fig. 7.

Figure 6 illustrates the temperature distribution during
printing. With the values of the printing process parameters,
including laser power 300 W, printing speed 1000 mm/s, and
layer thickness 0.03 mm, the temperature achieved during
printing is 2500 K. The hatch distance, which was kept
constant with the samples, is 140 um. These printing process
parameters ensure the sintering of the material during printing.
From the results of the simulation and initial experiments, the
ranges of the printing process parameters used in the
experiment are:

e 150 £ Laser power £ 350 (W)
e 400 < Printing speed < 1500 (mm/s)
e (.03 < Layer thickness < 0.06 (mm)

Employing the three input factors of the printing process
mentioned above, a full two-level factorial experiment requires
8 runs. This design is improved by adding one center point
[25]. The center point appears at the ninth row in Table I. The
steps followed to determine the shape deviation of the printed
samples from the requirements are shown in Figure 7. These
steps include scanning and digitizing the data from the samples,
processing the digital data, generating the 3D models for the
samples using the Geomagic Wrap software [26], and
comparing the gendered 3D model with the original model. To
create the 3D models of the printed samples, the HandySCAN
3D machine with a non-contact 3D scanning method is
deployed. The printed samples were scanned, and the scan
data, which were initially a point cloud, were processed into a
solid model. This model is compared with the original model of
the printed sample to determine the shape deviation.

TABLE L. EXPERIMENT DESIGN

o e Layer Geometric

Samples po%v::e(rW) Sp}:e?gg;glls) thickness deviation
(mm) (mm)
1 150 400 0.030 0.319
2 350 400 0.030 0.611
3 150 1500 0.030 0.142
4 350 1500 0.030 0.121
5 150 400 0.060 0.682
6 350 400 0.060 0.664
7 150 1500 0.060 0.447
8 350 1500 0.060 0.370
9 250 950 0.045 0.417

II. RESULTS AND DISCUSSION

Nine printed samples were measured and compared with
the original model. The shape deviations are represented using
different colors: green indicates no deviation, red indicates a
positive deviation, and blue indicates a negative deviation. The
measurement results for the largest shape deviations in the nine
printed samples are presented in Table I. Among the printed
samples, sample number 4 has the smallest shape deviation
corresponding to the laser source U = 350 W, printing speed V
= 1500 mm/s, and layer thickness ¢ = 0.03 mm, as portrayed in
Figure 8. Sample number 5 has the largest shape deviation
corresponding to the laser source U = 150 W, printing speed V
= 400 mm/s, and layer thickness # = 0.06 mm, as illustrated in
Figure 9. Minitab software was used to determine the
regression model using experimental data [27]. The regression
model demonstrates the relationship between the shape
deviation (D) and the printing process parameters, including
the laser power (U), printing speed (V), and layer thickness (7):

D = —0.6071 + 0.004041U + 0.000278V +
22.862t — 0.000003 UV — 0.06706 Ut —
0.007530 V¢ + 0.000038 UVt (mm) 2)

The variables U, V, and ¢, along with their interactions UV,
Ut, Vt, and UVt are all significant in the regression model with
the P-value being less than 0.05, as evidenced in Table II. Also,
from the Pareto chart in Figure 10, it can be seen that the
variables and their interactions affect the objective function (D)
in which the printing speed has the greatest influence on the
shape deviation of the printed part.
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Fig. 9.
TABLE II. VARIABLES ANALYSIS
Term Coefficient P-value

U 0.004041 0.024
Vv 0.000278 0.004

t 22.86200 0.004
uv -0.000003 0.011
Ut -0.067060 0.012
Vit -0.007530 0.031
Uvt 0.000038 0.017

Equation (2) is used to determine the shape deviation in
relation to three printing parameters, namely the laser power,
printing speed, and layer thickness. The shape deviation when
printing holes using the EP-M100T printer with 316L steel
powder is evaluated in relation to two printing parameters: the
laser power and printing speed [11].

The layer thickness is another important factor affecting the
shape accuracy. The larger the layer thickness is, the more the
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Sample number 5 with the largest shape deviation.

shape deviation increases, as illustrated in Figures 11-14. Based
on the regression model established in (2), the relationship
between D and the variables U, V, and t was analyzed to
determine the optimal printing process parameters. This
analysis is exhibited in Figures 11-14, corresponding to t values
of 0.03, 0.04, 0.05, and 0.06 mm, respectively. Based on the
results, some conclusions drawn regarding the values of the
printing process parameters are:

e The smallest shape deviation is achieved at higher printing
speeds and at a lower layer thickness. When compared with
the findings in [14] using the Ti6Al4V material, the shape
deviation decreased when the printing speed increased.

e With the Ti6Al4V powder printed on the SLM printer, the
shape deviation decreased with an increase in the printing
speed, and the average laser power range was 150 W to 350
W. This result is consistent with the findings of [11].
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e With a layer thickness ¢ = 0.03 mm, the shape deviation was Contour Plot of Dvs V, U
less than 0.2 mm, which is within the acceptable limit for 1500
the printing speed range of 1250 mm/s-1500 mm/s and the ° 03
laser power range of 150 W-350 W, as presented in Figure : oIl
11. W 05 - 06
m 06
Pareto Chart of the Standardized Effects Hold Values
(response is D, o = 0.05) t 0.04
Term
Factor Name
B A u
B v
C t
c
AB
AC
ABC
A
BC Fig. 12.  Relationship between D with U, V when ¢ = 0.04 mm.
0 50 100 150 200 Contour Plot of Dvs V, U
Standardized Effect
Fig. 10.  Pareto chart of variables. ™1 [3 030
M 030 - 035
Contour Plotof Dvs V, U = b
1500 M 045 - 050
D M 050 - 055
< 02 W 055 - 060
M o2 - 03 u > 060
M 03- 04
W 04 - 05 Hold Values
W 05 - 06 > t 0.05
| | > 0.6
Hold Values
t 003

500

150 200 250 300 350
U

Fig. 13.  Relationship between shape deviation (D), laser power (U), and
printing speed (V) at # = 0.05 mm.

. . . o Cont Plotof Dvs V, U
Fig. 11.  Relationship between shape deviation (D), laser power (U), and ontour Flot ot vs

printing speed (V) at t = 0.03 mm.

D

u < 040

W 040 - 045

e To achieve a shape deviation of less than 0.3 mm at ¢ = St
0.05mm, as shown in Figure 13 and ¢ = 0.06 mm, as -y

| | > 0.65

portrayed in Figure 14, high values of laser power (U) and
printing speed (V) are required.

Hold Values
t 0.06

o In this study, the largest shape deviation (D) was 0.682 mm,
corresponding to a laser power of 150 W, printing speed of
400 mm/s, and printing layer thickness of 0.06 mm.

e The optimal printing parameters were achieved with ¢ =
0.03 mm, U = 350 W, and V = 1500 mm/s, corresponding

to D =0.1207 mm. 250
u

Fig. 14.  Relationship between shape deviation (D), laser power (U), and
printing speed (V) at t = 0.06 mm.
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IV. CONCLUSIONS

The printed product quality is always a concern in the
additive manufacturing process. The former is assessed through
the criteria of geometric accuracy, dimensional accuracy, and
mechanical and physical property requirements. There are
many factors affecting the printing quality, among which the
printing parameters have a significant influence. In this study,
the relationship between the printing process parameters,
including the laser power, printing speed, and layer thickness,
with the shape deviation of the printed product has been
established. This relationship was expressed using a regression
model. Based on this model, the influence of the printing
process parameters on the objective function was analyzed to
determine the optimal process parameters.

The temperature during printing plays an important role in
the quality of the printing process. The printing parameters
must ensure that the generated temperature is higher than the
melting temperature (7m) and lower than the boiling
temperature of the material. If the generated temperature is less
than the Tm, the material does not melt, and if the generated
temperature is much higher than the 7m, it adversely affects the
printing quality and the efficiency of the printer. This study
contributes towards establishing optimum printing parameters,
including laser power, printing speed, and layer thickness, for
the Ti6Al4V powder material using the Selective Laser
Melting (SLM) printing method, to ensure an effective printing
temperature.

Future studies could explore the influence of the printing
process parameters on the internal structure and surface quality,
and the influence of these factors on the mechanical and
physical properties of the printed product.
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