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STAGE SUMMARY
Stage 3 of the DigiTech complex project took place between 01.01.2020-31.12.2020.
The main objective of stage 3 was to determine the technical requirements to be addressed from the design and
manufacture of complex and overloaded components specific to the medical, aerospace and automotive fields, as
well as the considerations on the physical-mechanical, chemical characterization, gas dynamics and dimensional
accuracy of these components manufactured by direct laser melting of metal and plastic powders, additive
technology available to the partners involved in the project consortium. Starting from the results obtained in stages
1 and 2 of the project implementation in which a series of experimental researches were carried out on the effects
of morphological properties (size, shape and roughness), chemical and microstructural (internal porosity and crystal
structure) of raw materials on manufacturing processes by direct laser melting, the effects of material recycling,
selection and design of representative samples, correlation of processing machine parameters with the parameters
of the manufacturing process, with the materials used and with the desired physical and mechanical properties, the
purpose of this step was to emphasize final two very important thematic areas for the use of additive technologies
in the manufacture of components in the medical, aerospace and automotive fields, namely:

1. Considerations for the design and manufacture of components for additive manufacturing;

2. Considerations regarding the testing of final components, manufactured by additive technologies.
Given the variety of additive processing technologies available from partners (INCDMTM, COMOTI and UTCN), the
general manufacturing process and related steps are presented in the diagram below:
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In the case of additive technologies based on layer-by-layer processing of powders, the material can be recycled,
which makes this technology environmentally sustainable. The increasing use of ecological technology that helps to
preserve the environment as well as the low cost of creating a product together with its easy customization have a



positive impact on adapting this technology to the manufacture of products specific to the three fields: medical,
aerospace and automotive. Also, the use of intelligent manufacturing processes to develop products and the
predominant role of additive processing in Industry 4.0 is one of the future applications of this technology. Industry
4.0 has a growing trend that is expected to change the dynamics of the global market and bring about a radical
change in manufacturing processeses.

The purpose of the activities of stage 3, carried out within the Component 1 Project, was to characterize the effects
of the parameters of the manufacturing process by laser melting / sintering on the total density of porous structures
and on the mechanical properties of porous structure implants.

The main activities, specific objectives and results of the 15t Component Project, carried out in stage 3 (institutions
involved in carrying out the activities: INCDMTM, UTCN and IMS) are:

3.1 Verification of the dimensional accuracy of representative samples for implantable medical devices that include
beam-type lattice cell structures with additive fabrication. The ability of the additive manufacturing process to
produce geometries with precise shapes is essential for its general acceptance, but especially in areas such as:
medical, aerospace and automotive. Making a precision-built part is a complicated and time-consuming task, as
many factors can affect the final dimensional accuracy. The most important of these are: the error of processing the
data of the virtual model, the errors of the processing machine and the errors of material processing. In powder
sintering, a process based on “layer by layer” processing, the manufactured part has a quantization error when its
height is not a multiple of the thickness of the finished layer. To process 2D layer data, the 3D model is first converted
to a faceted model (in STL format). This involves another pre-processing error. Similar to the mechanical properties,
the dimensions of the parts can be affected by the orientation and location in the construction space. Machine errors
can be measured, properly calibrated and compensated by scaling, but it is a process that requires a lot of experience
in additive processing. Dimensional errors resulting from material processing are the most complicated factors. In
the laser sintering process, the temperature of the powder bed is higher than the melting temperature of the metal
powder or the softening temperature of the plastic powder to bind and solidify the particles. The accuracy of the
final part is influenced by the contraction of the sintered material. The difference in the length of the hatching lines
of the different geometries of the 2-D layer determines an uneven shrinkage rate. If the rate of contraction is not
uniform, the compensations become difficult to achieve. Also, the deformation of the material and the distortion
caused by its inhomogeneous contraction are other challenges in the laser sintering process. To demonstrate
consistency and reproducibility between manufacturing cycles, dimensional measurements were performed on
identical samples manufactured in several construction cycles. Measurements were also made on identical samples,
made with layer thicknesses of 0.06 mm and 0.1 mm. There were larger dimensional deviations from the nominal
dimensions in the fabricated samples with a layer thickness of 0.06 mm. Since, in addition to the effects of
orientation and location in the construction volume on dimensional tolerances, there may be other factors that may
affect the dimensional accuracy of the final component, experimental research will be continued to identify all
factors. The aim of this study was to evaluate the change in dimensional accuracy of additive manufactured parts
when process parameters are changed and the repeatability of the mechanical properties of the structures when
they are manufactured in series production.

3.2 Characterization of the physical properties of the representative samples: structural inhomogeneity,
microstructural gaps, incomplete consolidation as a result of the SLS manufacturing process. Thus, we started from
the typology of metal powders used. Powder is the main raw material used in the manufacture of parts by laser
melting / sintering technology.

Microscopic images of CoCr powder at different magnifications CoCr alloy powder used in investigations




The microstructure of the samples manufactured by direct laser sintering on the EOSINT M270 cobalt-chromium
(Co-Cr) machine and of the samples manufactured on the FORMIGA P110 machine from PA2200 was evaluated. The
CoCr specimens were made in two types-dimensions x 4 pieces to perform a larger batch of tests. The cylindrical
ones were sanded for specific metallurgical investigations, and the rectangular ones were used for a series of
investigations through the electron microscope and the microbe probe.
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For this characterization, the metal samples were prepared in four stages of grinding and mechanical polishing to
expose the metallurgical structure: sanding with abrasive paper, polishing with 9 um and 3 um diamond suspension
and finishing the surface with a solution of silicon monoxide with a grain size of 0.5 um.

Metallographic sandstone attacked 2 at ~ Metallographic sandstone attacked 2 at  Metallographic sandstone attacked 2

magnification x2 magnification x10 at magnification x20
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The microstructural analysis
showed that the Co-Cr alloy
manufactured by direct laser
sintering has a superior
homogeneity compared to the

4 - cast Co-Cr alloys.
Metallographic sandstone attacked 2 at  Metallographic sandstone attacked 2 at

magnification x50 magnification x125

The following investigations were performed on electrochemically attacked poles. Electrolytic attack is a process of

chemical attack of metals in the presence of electric current that involves the use of an electrolysis cell with

electrolyte, anode and cathode solutions.
It is based on the selective
dissolution of asperities by the
loss of metal that takes place in an
electrical electrolysis circuit, in
which the sample is connected to
the positive pole of a direct
current source (anode). Only the
electrolytic attack process
allowed an effective attack of
structural highlighting of the
samples analyzed by CoCr
resulting in a very high
oxidizability.
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For a better characterization of the CoCr samples
manufactured by direct laser melting, the analysis by
the electron microscopy procedure was also used. Also,
through the use of the microwave probe, a qualitative
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of a punctual nature, being of a qualitative type. Thus,
it was possible to highlight the chemical distribution of
the elements, the uniformity of the sintering degree,
the existence of inclusions, etc. The figures below show
photos taken on a scanning electron microscope. The
first is a broken tensile test tube, and the second is a
polished and unattacked sample.

Element  Element | Element Atomic  Weight

Number | Symbol | Name Conc. | Conc.
27 | Co | Cobalt | 6020 6284
{24 | Cr | Chromium | 2921 | 26,90 |

42 Mo Molybdenum 498 847
: 6 ( Carbon 349 0.74 |

14 S1 Silicon | 211 105

Sintered CoCr samples are characterized by solidification morphologies of Iaser beam melting. The porosities of the
evaluated surfaces showed values of 99.5%. Given that the value of porosity applied in the aerospace, automotive
and medical fields is 99%, the measured value can be considered as exceptional for the manufacturing process by
direct laser siteration. However, surface roughness is an important issue that affects the quality of the part. In the
case of laser sintering, two types of surfaces are formed. A type of surface is created along the sintering direction (Z
axis) through a continuous accumulation of the 2-D contour of each layer. This type of surface is even smoother
when the layer thickness is smaller. However, due to layer processing, a scaling effect occurs on sloping or curved
surfaces. To evaluate this effect, the method of measuring the maximum distance between the CAD model and the
layer built along the normal surface is usually used. For medical implants manufactured by laser sintering, further
finishes by electrolytic polishing are required to prevent cleaning and sterilization problems. From the microscopic
analysis it resulted that the density and quality of the surface are directly dependent on the size and size distribution
of the particles used. The particle size of the powder for good sintering should generally be about 45-90 um. The
particle size of PA2200 used in this study is in the range of 30-100 um.

3.3 Testing at static loads representative samples: modulus of elasticity, tenS|Ie strength.

Several lattice cell units with different topologies were designed 2 .

and optimized, from which 3 topologies with different sizes were

selected for processing from biocompatible plastic powder ’

(PA2200) by selective laser sintering on the EOSINT FORMIGA P Koonbdsteaten | Uldoment 1 T

110 machine.
Then, two sets of representative samples of 20x20x25 mm, constituted as blocks of 4x4x5 rhombo-dodecadron,
diamond and byte cell units, were manufactured in two different processes from PA2200 by SLS on the FORMIGA P
110 machine, a set at a temperature of the powder bed of 1692 and the thickness of the powder layer of 0.100 mm
and a set at the same temperature of the powder bed and the thickness of the powder layer of 0.060 mm. In the SLS
manufacturing process, a mixture of 55% new (virgin) powder and 45% reused powder was used. The recommended
refresh rate, defined as the percentage of material reused, is 70%. The compression test was performed on a
universal electrical test stand according to the international standard 1SO 604: 2003, Plastics — Determination of



Compressive Properties. The lattice structures manufactured by SLS were tested at a load traverse speed of 1.3 mm

/ min.

The following activities (3.4; 3.5; 3.6; 3.7 and 3.8) had a common goal, namely the presentation of the processes of
design, analysis, manufacture and fatigue testing of light femoral hip stems. Thus, they were designed by CAD
methods - a stem with predetermined dimensions and by reconstruction from CT images - an anatomical-adaptive
stem.
10 samples were manufactured by direct laser
sintering and fatigue tests were performed
according to ISO 7206-4: 2010. The cellular
structure with grid-type lattice applied on the
rod geometry leads to a reduction of (15-17%) in
mass , compared to the same rod with solid
structure. Also, numerical simulations found that
the lighter rod has a more flexible behavior.
Fatigue tests are long-term activities that require
particularly complex testing devices.

The purpose of this component implementation phase of the 1%t Project Component was to evaluate the change in
dimensional accuracy of samples / test samples when manufacturing process parameters are changed and to
characterize the effects of these changes on the overall (total) density and mechanical properties of the samples.
with porous structure, manufactured by selective laser sintering. Because the standard parameter set of EOSINT
M270 Dual-Mode and FORMIGA P110 selective laser melting machines have been optimized for solid structures, a
series of experiments have been performed to find suitable exposure parameters for the designed porous structures.
This was materialized by the variation of the laser power and the scanning speed. The effect of changing the
manufacturing parameters on the sample properties was evaluated and the final configuration of the parameters
was selected based on their ability to ensure the manufacture corresponding to the design specification. The samples
manufactured with optimized parameters had a porosity of ~ 70%, the average beam diameter of 0.50 mm and the
average size of the cell units of 4.75 mm. In conclusion, the quality of parts manufactured by laser sintering / melting
is determined by both process parameters: laser beam focusing diameter, laser power, scanning speed, scanning
distance and layer thickness, as well as morphological, physical and chemical characteristics. of the materials used.
Processing time is another important factor that affects the cost of the product. Several process parameters, such
as layer thickness, scanning speed, orientation, and distance between hatching lines, can significantly affect the
part's manufacturing time.

The main activities, specific objectives and results of the 2" Component Project, carried out in stage 3 (institutions
involved in carrying out the activities: COMOTI, INCDMTM and IMS) are:

3.9 Detailing of physicochemical properties and test methods. Mechanical strength has been found to be anisotropic
for parts produced by 3D printing so an analysis of this property is important. The most relevant mechanical tests
for aerospace applications are: tensile test SR EN I1SO 6892-1, shock test SR EN ISO 148, fatigue test SR EN I1SO 1099,
hardness test by scratch STAS 10251-80. The results will be compared with the mechanical strength of the material
manufactured by classical methods. If the results of mechanical tensile tests do not show a strength of at least 1000
MPa its applications become very limited. Variation in mechanical strength with temperature influences the ability
of the material to operate in applications with extreme temperatures, for example the temperature between the
combustion chamber and the turbojet turbine that can reach values above 1200 ° C and the fuselage that can reach
temperatures of -55 ° C. This property can be analyzed by performing mechanical tests at high or low temperatures
on machines that can create those conditions. Test specimens are proposed to be tested for traction according to
SR EN ISO 6892-2 at temperatures between 300 ° C and 800 ° C. Resistance to large temperature variations is
important for parts that vary between the extremes mentioned. The proposed verification method is the repeated
heating and cooling of the material between 1200 ° C and 15 ° C, because a temperature of -55 ° C is too difficult to
obtain and the mentioned variation is sufficient. Cracks should appear after a minimum of 3000 heating and cooling
cycles. These heating and cooling are performed using a digitally operated mechanical arm that introduces the
material into the oven, maintains it at the oven temperature and then extracts it and cools it with an air jet. If the
number of cycles is greater than 10,000 then it can be considered that the material has a resistance to temperature




variations more than necessary for most aerospace applications. The chemical composition of the metallic material
is important for the mechanical properties but also for the resistance of the material to corrosive environments. The
chemical composition can be analyzed by scanning microscope analysis or by electric arc analysis. The differences
must be greater than the measuring accuracy of the device to be taken into account. Creep is the phenomenon of
plastic deformation that is formed after a long period of constant stress when the material is stressed below the
elastic limit. This type of deformation is formed after a long period of mechanical stress that can exceed 15000 hours.
3.10 Corrosion and erosion material testing methodology. For the study of the two phenomena, erosion and
corrosion, respectively, a methodology for analyzing the effects of erosion and corrosion is defined.

A study of a centrifugal rotor was performed using the SLM method with plastic powder. The study consisted of
optical scanning of the printed part and comparison of the resulting scan model with the original CAD model used
for printing, to analyze the dimensional accuracy of the outer surfaces of the rotor. It can be seen that the deviation
in many areas and especially in the thick areas on the working channel of the rotor, ie at the base of the blades and
splitters, is relatively small 0.002 mm, compared to those in thin areas or areas located in the console. The largest
deviation can be seen on the attack board where the thinnest area of the palette is located.

Comparison between the scanned model and the original CAD model
The main activities, specific objectives and results of the 3’ Component Project, carried out in stage 3 (institutions
involved in carrying out the activities: UTCN, INCDMTM and UPIT) are:
3.11 Manufacture of models with predefined structures and properties for the aeronautical industry
Expected results: Product and new technology for making benchmarks for the aeronautical industry, achievement
indicator: over 30 “solid-lattice” parts and a new manufacturing technology adapted to the aeronautical industry.
Reducing the weight of components and keeping them within the functional parameters required by the
aeronautical industry is a current direction of development that can improve the maneuverability, flight speed, range
and payload of weapons and aerospace vehicles. The figure below illustrates some SLM-manufactured applications
for the aerospace industry that have integrated lattice structures.




a)

Recent applications manufactured by SLM with integrated lattice metal structures for the aeronautical industry:

a) AddLab Air New Zealand; b) Fraunhofer ILT Germany; c) Premium AEROTEC Germany; d) Adimant Denmark
It was found that the cylindrical mark "solid-lattice" should have an outer diameter of 10 mm and a 2.5 mm
contour with 100% density. For the geometrically defined macro-porous area, 2 lattice structures were predefined.
Different BCC lattice structures were designed and the porosity obtained was calculated for each (Table 1).
Overlapping this information with those related to the possibilities of SLM manufacturing, it was concluded that in
order to be able to properly process these solid-lattice parts, the diameter of the cord must be at least 0.30 mm.
The second model was designed using an IC type structure and an elementary cell size of 1.80 mm. Table 1
systematizes the results regarding the design of Cl structures, the calculated porosity and the geometric
characteristics of the lattice structures selected for FEA simulations.
Table 1. Results regarding the design of "solid-lattice" parts with different geometrically defined macro-porous structures

Benchmark with BCC structure Benchmark with Cl structure
Characteristic
ie A u
Cord diameter [mm] ?0,20 @ 0,25 @ 0,30 @ 0,20 @ 0,30 @ 0,40 ? 0,50
Lattice cell size (x =y =z) [mm] 0,70 0,70 0,70 1,80 1,80 1,80 1,80
Local porosity [%] 79,6 70,3 59,8 94,1 87,2 79,1 70,3
Total porosity [%] 44,8 39,5 33,6 52,9 49,2 44,4 39,5

To mathematically estimate the mechanical behavior of these "solid-lattice" structures, a finite element analysis (FEA)
was developed, where the application of high compression forces (10 kN and 25 kN) was simulated. The landmarks were
oriented vertically, and these forces were applied evenly on the surface. Table 2 shows the main physical-mechanical
characteristics of pure titanium (Grade 1), configured in the ANSYS software. The use of titanium in aerospace structures
has been steadily increasing since the 1980s. Titanium applications cover a wide range of structural parts from massive
components, to which large loads, forged wing structures and landing gear components are applied in operation, until
for small components, critical accessories, springs or hydraulic elements.

Table 2. Physical-mechanical characteristics obtained by SLM fabrication and applied in FEA simulations
Material Flow limit Tensile strength Elongation at Density * [g | Young Module Poisson
[MPa] [MPa] break [%] / cm3] [GPa] coefficient
Ti 420 440 6,6 4,4 101 0,30

* The density of the material was attributed to the solid area (outer contour) and the cord of the lattice structures.
The figures below show the von Mises stress distribution and total deformation, calculated for the 2 types of solid-
lattice parts. It was found that lattice structures are billed after the application of the force of 10 kN, and the solid
structure can withstand up to 25 kN. These results will be compared with the actual ones obtained in the mechanical
compression tests.

a)



Distribution of von Mises stresses after application of compressive forces of 10 kN (a) and 25 kN (b)

a)
Total deformation of "solid-lattice" parts after application of compressive forces of 10 kN (a) and 25 kN (b)
10 initial parts were manufactured to adapt the SLM parameters. After establishing the process parameters, another
21 parts were manufactured for the mechanical tests. SLM parameters are detailed in Table 3, and the following
figure shows details on the preparation of the manufacture, the orientation of the parts, the supports used for their
anchoring and a manufactured part model. After the manufacturing process, the lattice structures were cleaned
using an ultrasonic bath. Thus, the unmelted powder was removed from inside the porous structures as can be seen
in Figure d. The SEM investigation provided details on the defects of the lattice structure cords such as: scale effect,
partially melted powder anchored to the surface of the cords and "balling effect".
Table 3. SLM parameters tested for the manufacture of “solid-lactic” titanium parts

T1 100 500
T2 120 500 45 0.12
T3 120 700
—.: -; B 2 a» A% a0 * RERLRERS
) f el by 9

a) Preparation of SLM fabrication, vertical orientation and positioning on the machine plate of parts in RDesigner software, b)
Lattice supports used to support parts, c) Manufactured “solid-lattice” parts, d) SEM investigation on lattice structures
manufactured by SLM made of titanium powder
With an operating speed of 50 N / s, seven benchmarks were tested for each set, and the results are shown in Table
4. It is obvious that any of the SLM process conditions can change the mechanical properties. The highest
compressive strength was obtained on parts manufactured with T2 parameters (see Table 3), and the compression
force was 24 kN. This value is similar to that applied in FEA simulations demonstrating the ability of non-destructive

analysis of solid-lattice parts.
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Determination of the compressive strength of solid-lattice parts specific to the aeronautical industry: Test with ZD 40 equipment
(400kN) according to DIN-50106; T2 marks after compression testing




Table 4. Mechanical characteristics of solid-lattice SLM parts with a total porosity of 33% and a local porosity of 59%

T1 161 283 8,5 8,4
T2 185 308 8,8 7,1
T3 159 270 8,1 7,0

c)
Manufacture by SLM of new parts for the aeronautical industry: a) Testing the possibilities of processing by cutting solid-lactic
parts; b) The piece with complex shapes, solid outer contour with a thickness of 0.30 mm and inner lattice area of BCC type; c)

SLM manufacturing testing for the development of hybrid lattice type structures (outer contour BCC porosity 50%, median area

Cl porosity 84%)

The results show that the integration of lattice structures helps to design lightweight structures specific to the
aeronautical industry with improved mechanical properties. The entire developed technology covers the
methodology of design and integration of lattice structures, the development of FEA predictions on stress state and
total deformation, the adaptation of SLM parameters for the manufacture of "solid-lattice" parts and the
determination of mechanical properties.

3.12 Manufacture of models with predefined structures and properties for applications in the automotive industry

Expected results: Product and new technology for making parts for the automotive industry, achievement indicator:
mold with cooling channels for the automotive industry and design-manufacturing technology molds with lattice
cooling channels for the manufacture of plastic parts. 316L stainless steel powder was used to develop this activity.
The stages of this activity were: designing the landmark in the automotive industry (Renault Scenic EG board
computer actuation button, Fig. 2.1a); design of a mold core suitable for the manufacture of the plastic component;
establishing the lattice structure for cooling channels and designing them to improve the productivity of the plastic
injection process; SLM manufacturing of prototype semi-molds; post-processing of semi-molds; mold testing and
adaptation of injection parameters for different types of plastics. Molds for the plastic injection process present
difficulties, such as cyclic thermal influences that lead to thermal fatigue. To increase the structural resistance to
thermal fatigue, the mold can be designed with certain channels for thermal expansion. This can be done by
integrating lattice structures into the mold. Thus, in order to be able to design the mold, the optimal injection point,
the required pressure and the filling time were initially determined, using the Mold Flow software (Fig. 2.1b). At the
same time, the thickness of the walls was analyzed (Fig. 2.1c). Taking into account the “Redesign for Additive
Manufacturing” concept, 12 cooling channels illustrated in Fig. 2.2. Also, the contact surface between the mold and
the SLM platform has been toEoIogicaIIy optimized.

Fig. 2.1 a) Car industry-specific benchmark used to control the on-board computer of Renault Scenic cars:

b) Determination of the optimal injection point, c) Analysis of wall thickness




Fig. 2.2 Conventional and re-designed semi-mold with cooling channels (15% lighter); Defining cooling channels; Addition of
processing on the contact surface (0.5 mm marked in green)
To validate this design-manufacturing technology of lattice cooling molds, the product was tested using SMP
HYDRINJECT injection equipment. In addition to testing 3 types of plastic masses, injection parameters were adapted
for each material (Fig. 2.4). To establish the injection parameters, more than 30 pieces of each plastic material were
manufactured. The result of these tests allowed the conclusion that this new design-manufacturing technology
allows to ir'r|1prove productivity by about 15% if macro-porous cooling channels (BCC lattice cells) are used.

~ c)dk
Fig. 2.4 The first mold in Romania processed by SLM, with lattice type cooling channels; Mold testing and adaptation of injection
parameters for different types of plastics: a) PLEXIGLAS 8N, b) MABS XG568, c) LUPOY HR-5007A
In order to intensify the collaborations with the economic environment, on January 7, 2020, a working visit was
organized with the representatives of Porsche Engineering. The purpose of the visit was to present the Additive
Manufacturing Laboratory and the most important results of the research developed in recent years. Laying the
groundwork for this collaboration, the members of this project team together with Porsche Engineering
representatives supported UTCN students to design and manufacture an electric vehicle that will participate in the
SEA Student 2021 Formula competition (Fig. 2.5).

b)
Fig. 2.5 a) Model of the vehicle designed for the Formula SEA Student 2021 competition; b) Titanium steering knuckle,
conventional model vs. re-designed and adapted to SLM manufacturing.

The main activities, specific objectives and results of the 4" Component Project, carried out in stage 3 (institutions

involved in carrying out the activities: UPIT, INCDMTM and UTCN) are:

3.13 Elaboration and realization of the experimental plan in order to realize the necessary physical prototypes.
Experimental planning was used to limit the number of experiments. When planning the experiments, the following
were established: input parameters, output parameters, limits of input parameters, the number of values analyzed
for each experiment, the actual values and their combinations. It was considered that the printing process of the
physical prototype of the 3D model includes as input parameters geometric characteristics of the parts designed for
3D Printing (shape, dimensions) and technological parameters (layer thickness, filling density, orientation of the part
on the printing platform), and as parameters output, process characteristics (printing time, amount of material
consumed) and characteristics of the parts obtained by 3D Printing (dimensional accuracy, shape). The printing
process is also affected by certain external factors, such as ambient temperature. The experimental plan used is of
the Taguchi type, generated with the help of the Minitab program, type L9 (33). Because these experiences aim to
identify the input variables that lead to the realization of parts by 3D printing with acceptable productivity and
accuracy, three levels of variation are adopted for each input parameter. The values of the technological parameters




over the variation range are determined in relation to those previously established, so that these values are
equidistant from the limits adopted, Table 1.
Table 1. Values of technological parameters (input parameters)

Symbol Input parameters Level
1 2 3
G Layer thickness, mm 0,09 0,14 0,19
D Filling density,% 10 50 90
(0] Orientation angle, degrees 0 22,5 45
Table 2. Experimental plan adopted L9 (33) The value combinations of the technological parameters
Lines Columns are made according to the experimental Taguchi type plan,
1 2 3 generated with the help of the Minitab program, L9 (33),
1 1 1 1 taking into account the three input parameters: layer
2 1 2 2 thickness, filling density and part orientation on the
3 1 3 3 platform. printing, table 2. Using this experimental plan,
4 2 1 5 two different geometries were printed. The output sizes
5 2 2 3 are: deviations of shape (cylindricality, flatness) and linear
6 2 3 1 dimensions.
7 3 1 3 3.14 Making models through 3D Printing. In order to study
3 3 5 1 the influences of technological and design parameters on
9 3 3 > the geometric accuracy of the parts obtained by 3D

Printing, a series of part models were made as follows:

e A part model of medium complexity in order to provide relevant information about how the input
parameters of the 3D printing process influence the geometric features of the part;

* A model of parallelepiped piece with circular holes was made in order to study the dimensional accuracy of
the parts obtained by 3D printing. The piece has the dimensions of 40 x 15 x 84 mm, and the diameters of the inner
cylinders were established in geometric progression, with the ratio /2.

¢ 12 models of complex shaped parts that make up the “steering wheel” assembly intended for the study of
the assembly of the parts obtained by 3D printing. The models were designed with orientation surfaces in order to
guide them in the assembly process, and the assembly can be done in one direction, from top to bottom, simplifying
the activity of the human operator.

Fig. 1 “Steering wheel”
assembly

¢ 4 elements for orienting the parts within the “steering wheel” assembly for assembly, provided with hexagonal
recesses for nuts.

Fig. 2 Orientation and Poka-Yoke elements

o flat test models for the study of the mechanical behavior of the parts obtained by 3D printing.
Activity 3.5: Evaluation of the behavior of the physical prototypes made and Activity 3.4: Evaluation, improvement
and validation of the performances of the mathematical model



Measurement scheme. The measurements for the first model were performed according to the measurement
scheme (figure 2), the results being presented in table 3.
Table 3. Measured wall heights of the par

~

No. | Layer | Degre | Orienta Right wall height Hd (with bores) Left wall height Hs (no bores)
crt | thickn | eof | tion Hdl | Hd2 [ Hd3 | Hd4 | Hd5 | Hs1 | Hs2 | Hs3 | Hs4 | Hs5
ess filling [grd]
[%]
PD1 0,14 10 0 22,05 2%,2 21,2 228,1 215,9 225,0 21,1 231,2 2%,1 22,9
PD2 0,14 50 45 22,03 2%,2 2%,2 227,1 223,0 Zi,O 22,1 23,2 231,1 21,0
22,2 | 22,2 | 22,2 | 21 21 22,1 | 22,2 | 22,1 | 21
PD3 0,14 90 90 21,98 2’ 3' 2’ 8,9 6’9 6, 3' 4' 5'9
22,1 | 22,1 | 22,1 | 22,1 ] 21 22,1 | 22,1 | 22,1 | 22
PD4 0,19 10 45 22,05 5’ 7' 8, O, 5'9 5’ 6’ 5' 4'0
pD5 | 0,19 50 9% 21.99 2@,1 225,1 21,1 22,9 215,8 2?0 225,1 221 211,7
PD6 0,19 90 0 22,06 2?2 222 22,1 221,1 22([),9 228,1 225,2 228,1 219,7
PD7 0,29 10 90 2176 2%),0 22,0 22;,9 22;,8 218,7 22;,9 215,9 212,9 21),9
PDS 0,29 50 0 21,92 217,9 22,0 22;,9 22;,9 22,7 216,9 2%,0 22:,9 217,8
21 22 21 21 21,7 | 21 22 22 21
PD9 | 0,29 | 90 a5 | 2ngy | 2L0 | 220 | 20| 2LE | 2T 209 220 ] 220 1 208

Notes and observations: The right wall is the one that contains the three bores; The three bores were marked with
A, B, C, from left to right; The diameter of each bore is measured twice, according to the markings in the image, d1
being the diameter of the bore in the horizontal direction, and d2, in the vertical direction; L represents the length
of the part walls, Ls being the length of the left wall, and Ld, the length of the right wall; X is the distance between
the two walls, measured at the top of the walls; The wall thicknesses are denoted by Gs for the left wall and Gd for
the right wall (the one containing the bores); H represents the height of the part walls - Hs for the left wall, Hd for
the right one; Heights H and distances X are measured in 5 points, marked from 1 to 5; G thicknesses are measured
for each of the two walls at both ends of the piece. The measurement scheme performed is used to perform the
same measurements for each 3D printed part, to obtain relevant results and to determine the dimensional accuracy
of these parts.

DO |

4

Fig. 3. Parts measurement scheme
To obtain comparable results, all parts are measured according to this scheme, using the Mitutoyo 150mm
electronic caliper. In order to establish the influence of technological parameters (layer thickness, filling density,
orientation of the part on the printing platform) on the dimensional accuracy, flatness and cylindricality, the
parallelepiped part model was used. Measurements for this part were performed according to the measurement
scheme shown in Figure 4.
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Fig.4. Parts measurement scheme
Each test piece was measured using a Zeiss Contura G3 coordinate measuring machine (with an accuracy of 1 um)
and CALIPSO software. Thus, the diameters of the holes and the deviations from cylindricality and flatness were
measured. At the same time, the diameters of the three holes were measured at three points in depth.
Experimental results and their analysis
Analysis of the results of the measured heights. For the graphical representation, the arithmetic means of the values
obtained for the dimensions Hd and Hs and an arithmetic mean H (calculated taking into account the means Hs and
Hd) represented in Figure 5 were taken into account.

Analysis of the results of the measured wall thicknesses.
From the analysis of the obtained results it was found that
ety . the effective thicknesses Gd and Gs are closest to the
A\ prescribed one (G = 4mm) in the case of part PD1. All
N _—— e values obtained are higher than prescribed. This is
: because the melting of the filament cannot be 100%
controlled, so that the successively deposited layers
expand, the object being built from the bottom up.
Fig.5 Graphical representation for the average of Hd, Hs and H
Analysis of the results of the distances X and of the measured lengths L. It was found that all measured values of
Ld and Ls are less than the prescribed length of 100 mm. This can be caused by a slight shrinkage of the material
upon solidification. The actual length closest to the prescribed length was obtained for PD1 and PD9 parts. The
effective distances between the two walls were closest to the prescribed one (X = 20mm) in the case of part PD7. In
the case of all parts, the actual distance between the walls was less than the value specified in the drawing.
Dimensional accuracy analysis. For each experiment, the T
measured data were statistically analyzed. Thus, the mean Regression Anatysis: €-20mm versun T, F, O
(M), amplitude (R), standard dispersion (SSD) and coefficient Sopast
of variation (CV) were calculated. The coefficients of o
variation for an experiment have close values, which shows
that the diameter of the hole does not influence the final
size. For a minimum and maximum layer thickness, the
maximum coefficient of variation for the maximum filling
density is obtained. Each piece was measured in several Sy Svpel) Begpnd
directions and at three different heights from the base. Thus,

it is observed that the diameter of the holes varies R B N
depending on the height at which it is measured. Analyzing ! ‘

the results, we can say that the smallest diameter is obtained i et o S
at the height of Z2 (about half the height of the piece) and .

increases to the ends of the hole Z1 and Z3. It turns out that ] L5 J o

the geometry of the hole varies depending on the height of
the piece, the diameters of the holes increase from half the
height of the piece to the ends.

Fig. 7 Regression analysis for dimensional accuracy

(Minitab)




Analysis using Artificial Neural Networks. In order to perform this type of analysis, the Toolbox from MATLAB,
Artificial Neural Network and The Neural Fitting application was chosen. The Neural Fitting application offers the
opportunity to select data, create the network, train the network and evaluate its performance. The data sets were
randomly distributed in three categories. A 3X18 matrix was created with the network inputs (layer thickness, fill
density, orientation). A 1x18 vector was created with the network outputs (wall height). All 18 data sets were divided
into three categories: 12 for network training, three for testing and 3 for validation.

J— - \‘l; | Trains Netwerk

¥ L Ak Qurerem SSerwd ety 4 Mew Sczemd 50001 P EEge VRN e

Fig. 9 Network drive process results
Using the "Bayesian-Regularization" back propagation algorithm, the network
was trained. The training process is an iterative process. For this experiment, in
Fig. 8 Network drive process order to train the network, 824 iterations were performed. At the end of the
training process, the values for R and MSE (mean square error) are displayed in
the "Train Network" window.
The trained and validated network may be able to predict the value of the output parameter according to new values
of the input parameters.
Conclusions. The project objectives for 2020 have been achieved as follows.
An experimental Taguchi type plan was established and used, generated with the help of the Minitab program, L9
(33), the input parameters being: the thickness of the deposited layer, the filling density and the orientation of the
part on the printing platform. Using this experimental plan, two different geometries were printed. The output sizes
are: deviations of shape (cylindricality, flatness) and linear dimensions.
The physical models of some parts of medium complexity were made for the analysis of dimensional precision and
shape deviations, but also the physical models of some complex parts in the automotive field. The behavior of the
physical prototypes was evaluated considering the following: analysis of part heights, analysis of wall thicknesses,
analysis of distances, lengths and diameters measured, analysis of shape deviations. These were studied using
graphs, statistical analysis of data and analysis using neural networks.
Mathematical models have been determined that establish the dependence of dimensional accuracy and shape
deviations on technological parameters (thickness of the deposited layer, filling density and orientation of the part
on the printing platform). Within the study there are also the following deliverables: experimental plan, physical
models, mathematical models, scientific report.
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Complex Project Manager,
Dr. ing. COMSA Stanca
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