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Over the last few years, Additive Manufacturing, or as it is sometimes known, 3D printing, has become a significant research field for researchers worldwide. The necessity to increase the strength of materials and minimize their weight in the
automotive and aviation industries has urged engineers and scientists to conduct more investigations and identify manufacturing methods to replace the classical ones. Additive manufacturing involves building a geometry layer by layer from a
wide range of materials, which helps to utilize materials efficiently while minimizing the amount of waste produced as well
as build complex, large geometries and light-weight components. Furthermore, it minimizes fabrication and processing
times. In this paper, three different alloys were printed (TiAl6V4, AlSi10Mg and 316L) using MSC Simufact software to investigate the effect of changing machines on the effective stress and surface deviation. Furthermore, thermal analysis as
well as mechanical, thermal and thermomechanical calibrations were carried out to determine a parameter set consisting
of the laser power, inherent strains, fraction of exposure energy and volumetric expansion factor.

Keywords: additive manufacturing, 3D printing, simufact additive.

1.

Introduction

Over the last three decades, research into printing
technology/additive manufacturing (AM) has progressed
from fast prototyping to Industry 4.0 [1, 2]. The Third Industrial Revolution took place in 1987 with the commercial exploitation of the first stereolithography (SLA) machine, which was developed by 3D systems and named
SLA-1. After many editions of SLA machines in the
early 90s, new AM principle technologies were launched,
namely solid ground curing, fused deposition modeling
and laminated object manufacturing [3, 4].
This development was followed by many years of
continuous improvement in AM technology, from resin
to metal powders and from non-functional molding applications to the fabrication of medical implants [5]. AM
methods have been characterized in the literature based
on a variety of parameters, including direct or indirect
process technology, the state of the raw materials, and the
materials used. The state of the raw materials is the most
commonly used as illustrated in Fig. 1.
AM is a revolutionary manufacturing technique
proliferating as major industries transition from conventional to advanced production methods. Threedimensional printing is used in AM to convert engineering design files into fully functional and durable structures. After the components in the first layer have been
bonded together using glue or heat, the second layer
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is constructed and the bonding procedure repeated, enabling the construction of previously unimaginable geometries. AM creates samples of products quickly, which
is crucial since it reduces the traditional trial-and-error
process, allowing novel ideas to enter the market more
quickly. It may also be used to rapidly create bespoke
metal items to replace old or broken industrial parts.

1.1

Part-building technology

Metal AM can be classified into four main categories as
shown in Fig. 2: directed energy deposition, powder bed
fusion, sheet lamination and binder jetting. Table 1 shows
the thickness of layers in each process [6].

1.2

Fields of application

Metal 3D printing is the fastest-growing sector. Metal
AM is increasingly being utilized to create final products
Table 1: The thickness of layers in the metal AM process
[6].

Processing
Directed energy deposition
Powder bed fusion
Sheet lamination
Binder jetting

The thickness of
layers (mm)
0.089 − 0.203
0.08 − 0.15
0.1 − 0.19
0.089 − 0.203
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Figure 1: Types of Additive Manufacturing processes based on the state of raw materials [1].

Figure 2: Classification of metal additive manufacturing technologies [5].

in many sectors like in the aviation, automotive, medical
implants, material handling robotics as well as lifestyle
and sport industries.

Leading companies are experimenting with AM. Small
series or customized production may be the first sectors
to adopt this technology [7].

The aviation industry Companies in this sector are
among the most well-known early investors of AM technology since they were among the first to upgrade from
modest research projects to large-scale production runs.
Norsk Titanium, Airbus, Alcoa and GE amongst others
have begun serial production or are planning to invest in
significant manufacturing operations within AM [7].

1.3

The automotive industry For many years, the automotive industry has utilized 3D printing to rapidly prototype
single test components or entire visualization models.
Hungarian Journal of Industry and Chemistry

Modeling approach in Simufact

Many commercial companies, e.g., Autodesk, General
Electric (via Geonx), MSC Software, ANSYS, etc., provide AM simulation, which enables designers to understand where the critical zones in a particular geometry
are located and produce approximate first findings within
a few hours. With this information, designers can iteratively develop their concept by taking all aspects into
consideration using simulation software rather than wasting time and money on the actual manufacture of a possibly unsuitable design. Simufact is a piece of software
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Figure 3: Additive Manufacturing workflow [own edition].

that uses finite element analysis to simulate metal AM by
focusing on powder bed fusion processes. The difficulties
with metal powder bed fusion AM can be addressed and
analyzed by simulations [8].
As is shown in Fig. 3, the AM workflow to date has
been one of the best traditional manufacturing technologies. The revision of AM goes through those processes to
select the best predicted design parameters, build orientation, removal cutting, supporting structure, etc. [9].
Three-dimensional objects are constructed from several thin layers, each of which with a pattern defined
by a Computer-aided design (CAD) that is exposed using a scanning laser for stereolithography or a pattern in
the absence of a mask. Manufacturing information is obtained from CAD or other design software before being
sliced into individual layers using the Standard Tessellation Language [10].
Sometimes, the building fails due to many reasons,
e.g. supporting structures or a high degree of distortion.
Once the best predicted design parameters have been chosen, construction commences and an inspection is made.
If any defects are observed, the component is subjected to
a process of trial and error to achieve the desired part. Alternatively, as illustrated in Fig. 4, a virtual model can be
built to minimize the number of required physical builds
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Figure 4: AM simulation workflow [own edition].

in the AM simulation workflow. In this virtual model, different approaches can be applied, e.g. various parameters,
changing supporting structures, building orientation, and
keeping treatment cutting and support removal to achieve
the desired product free from any adverse effects of the
process the first time it is constructed. Since a feedback
loop is included in the simulation, the results of the process simulation can impact topology optimization. The
significant benefits of this are that the formation of some
of these parts may cost thousands of dollars and the trialand-error approach is quite undesirable.

2.

Design methodology and simulation

Given that AM depends on many factors to determine the
required parameter set to produce the desired part, e.g.,
laser power, fraction of exposure energy and volumetric
expansion factor, experimental tests should be conducted
to measure these parameters.

2.1

Sample selection

As is shown in Fig. 5 of the simulation, an aircraft component was chosen because of the complexity of its geometry and the importance of AM in the aerospace industry,
49(2) pp. 65–70 (2021)
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Figure 6: Inherent strain [9].

e.g., in increasing asset uptime, reducing costs, manufacturing lighter parts, enhancing durability and improving
customer satisfaction.

2.2

Material selection

Three alloys (TiAl6V4, AlSi10Mg and 316L) were chosen with different properties to construct the sample for
the purpose of investigating the effect of each material on
the surface (shape) deviation with respect to the original
sample.

2.3

Machine selection

Different types of 3D printing machines are available using this piece of software, e.g. two kinds of Electro Optical Systems (EOS) have been used, namely M280 and
M400, the size and power of both differ.

2.4

Thermal analysis

The laser power has to be adjusted, moreover, the printing
temperature has to be greater than the melting point of
each alloy but less than its boiling point.

2.5

Figure 7: Printing two cantilevers [9].

in length, 12 mm in width, and 9 mm high. Afterwards,
the cantilevers are cut in the middle of the teeth, so a particular part of them remains on the base plate. Finally,
the maximum observed distortion in the Z-axis was measured as shown in Fig. 8.
Three values of strains are inputted into the build
stage dialogue (xx , yy , zz ). These values are dimensionless and defined in three directions, X, Y , and Z.
Default values will be shown in the dialogue [9]:
xx = −008, yy = −0.003, zz = −0.030.

(2)

The mechanical calibration was carried out for the three
alloys, namely TiAl6V4, AlSi10Mg and 316L, to calculate the inherent strains.

Mechanical calibration
2.6

The purely mechanical, macro-scale analysis approach of
Simufact Additive requires the input of the so-called inherent strain values before the simulation. As is shown in
Fig. 6, the inherent strain values are produced during the
construction process as a result of plastic strain, thermal
strain and phase transformations as shown in
inherent = th + pl + ph .

The thermomechanical analysis requires that the fraction
of the exposure energy and the volumetric expansion factor have been calculated before the simulation is started.

(1)

Moreover, they depend on material properties and process parameters.
These strains can be calibrated from experiments,
e.g. by measuring the degree of distortion after cutting a
printed cantilever beam and running simulations to match
the experimental distortion values that should be less than
3%, or estimated based on the process. This paper used
the empirical calibration by printing two cantilevers on
the X- and Y -axis as is shown in Fig. 7 that are 72 mm
Hungarian Journal of Industry and Chemistry

Thermomechanical calibration

Figure 8: Measuring the distortion in the Z-axis [9].
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Figure 9: Thermal calibration

Since these values depend on material properties and machine parameters, they need to be carefully calibrated,
which should be done experimentally.

expansion factor is a measure of the change in volume in
three dimensions as is shown in Eq. ??:
V = 3αVo ∆T

2.7

Fractions of exposure energy

The fraction of exposure energy is a term that is responsible for the peak temperature of the process. During the
exposure time, the energy predominantly (but not only)
melts the powder. The rest of the powder reheats the solid
material after the exposure time. For the purpose of thermomechanical calibration, it is recommended to carry out
the thermal calibration first to determine the optimized
exposure energy and then conduct the thermomechanical
calibration with the optimized fraction of the exposure
energy to calibrate the volumetric expansion factor.
The calibration was carried out using a specimen of
a cantilever. The peak temperature has to be measured
during the process to determine the maximum degree of
distortion in the Z-axis after cutting, as is shown in Fig. 8.
The measured point was chosen on the upper surface because the temperature is the highest there and the average
will be recorded between the two surfaces. Thermal calibration of the three alloys, that is, TiAl6V4, AlSi10Mg
and 316L, was carried out to determine the fraction of
exposure energy. The thermal calibration of TiAl6V4 is
shown in Fig. 9.

2.8

Volumetric expansion factor

The volumetric expansion factor accounts for the thermal
expansion and shrinkage effects caused by the modelling
approach, that is, by combining multiple powder layers
and repeated heating of the heat source in one element
layer. The volumetric expansion factor can either be set
to isotropic in all directions or anisotropic for each individual order and scales the thermal expansion factor of
the material. Volumetric expansion is the change in the
volume of a given mass with temperature. The thermal

(3)

This equation is usually written as:
V = βVo ∆T,

(4)

where β = 3α denotes the volumetric expansion factor,
Vo represents the original volume and ∆T stands for the
change in temperature.

3.

Results

Different machines and materials were used to print an
aircraft component. As illustrated in Table 2, changing
the machine does not have any effect on the design or
features of the sample. The effective stress in MSC Simufact was implemented once the printed aircraft component had been compared to calculations regarding residual stresses using Stoney’s equation. The effective stress
of both the M280 and M400 machines is identical. For the
alloys TiAl6V4, AlSi10Mg and 316L, the stresses were
1260 MPa, 370 MPa and 680 MPa, respectively. When
the M280 machine was used, the surface deviation, representing the difference between the designed and printed
samples, of all three alloys did not change. However,
when the M400 machine was used, the surface deviation
in each alloy varied.
The laser power of the machine, which is responsible
for fusing the powder, is one of the most crucial elements
to modify. As a result, the printing temperature of a material, which is roughly twice as high as its melting point,
must be higher than its melting point but lower than its
boiling point. For each alloy, the changes in laser power
as well as the measured temperature are shown in Table
3. For TiAl6V4, 200 W is a suitable power, while the optimal laser power for AlSi10Mg and 316L is 100 W.
The mechanical calibration was carried out to identify the inherent stresses. For measuring the distortion in
49(2) pp. 65–70 (2021)
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Table 4: Inherent strains of TiAl6V4, AlSi10Mg and
316L.

Material

EOS

Effective

Surface

Used

Machine

Stress [MPa]

Deviation [mm]

Metal

xx

yy

zz

Ns

-0.00488099

-0.0022865

-0.3

7

Max

Min

TiAl6V4

0.17

−0.16

AlSi10Mg

-0.00637062

-0.0016680

-0.3

18

1288.13

0.88

−0.93

316L

-0.0198353

-0.0025170

-0.3

3

370.01

0.13

−0.12

Ns : Number of samples printed

M400

370.02

0.36

0.26

M280

683.19

0.17

−0.16

680.65

0.16

−0.15

TiAl6V4

M280

1262.03

M400
AlSi10Mg

M280

316L

M400

Table 5: Volumetric expansion factors for TiAl6V4,
AlSi10Mg and 316L.
Metal

Volumetric expansion
factor

Number
of steps

Printing

TiAl6V4

0.821869

18

temperature (C°)

AlSi10Mg

0.60999

2

316L

0.307238

24

Table 3: Adjusting the laser power.
Alloy used

Melting
point (C°)

Laser
power (W)

TiAl6V4

1600

200

2650

AlSi10Mg

660

200

4220

150

3098

100

2084

200

4454

150

3500

100

2463

316L

1400

the beam, two points on the cantilever were chosen at
heights of 3.09 and 2.01 mm. The simulation repeatedly
printed the specimen until the permissible distortion error became less than 3%. The sample was printed seven
times to achieve an acceptable degree of distortion. Table
4 shows the inherent strains of the three alloys.
Since the volumetric expansion factor is a crucial parameter in 3D printing, the simulation carried out the
thermomechanical calibration to determine the volumetric expansion factor, as is shown in Table 5.
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4.

Conclusion

The simulation tool Simufact was used to print a component of an airplane out of different alloys using AM technology to determine the specified parameter and carry out
virtual printing. As indicated in Table 3, since the laser
power has a massive effect on the printing temperature, it
should be regulated carefully. Furthermore, as indicated
in Tables 4 and 5, in order to determine the inherent
strains and volumetric expansion factor, the component
must be printed multiple times.
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