-PERI()DICO TCHE QUIMICA

ARTIGO ORIGINAL

IMPLEMENTAGAO DA PROTOTIPAGEM RAPIDA NA BESOLUC}AO DE PROBLEMAS
APLICADOS NA PRODUCAO

INTRODUCTION OF RAPID PROTOTYPING IN SOLVING APPLIED PROBLEMS IN
PRODUCTION

BHEAPEHUE BbICTPOIo NPOTOTUNMUPOBAHUA NMPU PELLEHUN NMPUKINAOHbIX
3AO0A4Y HA NMPOU3BOAOCTBE

BRYKIN, Veniamin A.""; VOROSHILIN, Anton P.2; RIPETSKIY, Andrey V.3; UHOV, Petr A.#;

"Moscow Aviation Institute (National Research University), Institute of General Engineering Training, Research
Department NIO-9, 4 Volokolamskoe shosse, zip code 125993, Moscow — Russian Federation

24 Moscow Aviation Institute (National Research University), Institute No. 12 “Aerospace Science-Based
Technologies and Production”, Department of Testing Technology and Operation, 4 Volokolamskoe shosse, zip
code 125993, Moscow — Russian Federation

3 Moscow Aviation Institute (National Research University), Department of Engineering Graphics, 4
Volokolamskoe shosse, zip code 125993, Moscow — Russian Federation

* Correspondence author
e-mail: benbrykin@gmail.com

Received 02 March 2020; received in revised form 22 May 2020; accepted 04 July 2020

RESUMO

Todas as linhas e maquinas transportadoras devem funcionar sem problemas durante a producao para
langcamento dos produtos oportuno. Existem pegas e componentes, cuja falha leva a falha de toda a
transportadora. E o tempo de entrega e as perdas financeiras devido ao tempo de inatividade do equipamento
que tornam relevante o problema de reproducédo rapida da peca para substituir a original. Neste artigo,
consideramos o processo de criagdo de uma pega de teste usando a tecnologia de fusao seletiva a laser (SLS).
Nesse caso, a eficiéncia econdmica da producao de produtos depende diretamente da solugao eficaz e correta
dos problemas de preparagao tecnoldgica da produgao aditiva. A amostra impressa foi testada em contato direto
com o0 meio aquoso por 500 horas. Os testes de fadiga foram realizados utilizando 40% de p6 primario e 60% de
p6 secundario. Para a avaliagdo quantitativa das propriedades do material com uma dada geometria, foi realizada
uma série de testes de ruptura dos produtos da pecga. Para identificar a melhor proporcdo de resisténcia,
elasticidade e custo de fabricagao, nos testes foram apresentadas as amostras com diferentes porcentagens de
po6. Observou-se que o custo de fabricagao de pecas, ferramentas e acessorios de reposicéo usando a impressao
3D depende de muitos fatores. Os principais fatores de influéncia foram a geometria dos produtos, que determina
seu volume, bem como a densidade de sua disposicdo na camara. A experiéncia acumulada e a analise dos
critérios nos permitiram oferecer varias opgdes de layout que podem levar ao maximo efeito econémico.

Palavras-chave: engenharia reversa, retentor, digitalizacdo 3D, layout automatico.
ABSTRACT

All conveyor lines and machines should work smoothly in order to ensure a well-timed production during
production. There are parts and nods, the failure of which leads to the failure of the entire conveyor. It is the
delivery time and financial losses due to equipment downtime that make the problem of quick reproduction of the
relevant part to replace the original one. In this work, the process of creating a test piece using selective laser
fusion (SLS) technology was considered. In this case, the economic efficiency of the fabrication of products
depends directly on the effective and correct solution to the problems of technological preparation of additive
production. The printed model was tested in direct contact with water for 500 hours. Fatigue tests were performed
using 40% primary and 60% secondary powder ratios. To quantify the properties of the material for given
geometry, a series of tensile testing of products was carried out. To identify the best ratio of strength, elasticity,
and manufacturing cost for testing, samples were offered with different percentages of powder. It was noted that
the cost of manufacturing spare parts, tools, and accessories (SPA) using 3D printing depends on many
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factors. The product geometry determines their volume, and the density of their arrangement in the chamber was
recognized as a crucial impact factor. The accumulated experience and analysis of the criteria allowed us to offer
several layout options that can lead to a maximum economic effect.

Keywords: reverse engineering, fixator, 3D scanning, automatic layout.
AHHOTALUA

Bce koHBerepHble NMMHUMU U CTaHKM AOMXHbI paboTatb 6ecnepeboriHO BO Bpemsi MpousBoacTBa Ans
obecneyeHnss CBOEBPEMEHHOIO Bbinycka npodykumy. CyLiecTBylOT AeTanu 1 y3nbl, MONIOMKa KOTOPbIX NPMBOAUT
K BbIXOQy M3 CTpOs BCero koHeBenepa. VIMEHHO CpOKM MOCTaBkM M (PUHAHCOBbIE MOTEPUM U3-3a NPOCTOSA
obopyaoBaHusa aenatoT akTyanbHbIM BONPOC ObICTPOro BOCNPON3BOACTBA AeTanu Angd 3aMeHbl OpuUrmHansHoun. B
AaHHoW paboTe paccMOTPeH NpoLecc co3faHus TeCTOBOW 3arOTOBKU MO TEXHOMOrMn BbIBOPOYHOrO fa3epHoro
cnnaeneHusa (SLS). B gaHHOM cnydae akoHOMMYeckasw ap(PeKTMBHOCTbL NPOM3BOACTBA M3OENUA 3aBUCUT
HanpsMyto OT 3D(PEKTUBHOIO M KOPPEKTHOrO peLleHUs 3agad TeXHOMOrM4yeckon MOArOTOBKM aaauTUBHOIO
npou3BoAcTBa. HaneyataHHbIn obpasel, TECTUPOBANcsl B HEMOCPEACTBEHHOM KOHTaKTe C BOLHOW CPedon B
TeyeHun 500 yacoB. WcnbiTaHMs Ha ycTanocTb NpoBoaunucb ¢ ucnonb3oBaHveM 40% nepsudHoro n 60%
BTOPUYHOTO COOTHOLUEHUSA nopowka. [Onsa KONMMYeCTBEHHOMW OLIEHKM CBOWCTB MaTepuana npu 3agaHHON
reomeTpun 6binl NpoBedeH psn MCNbITAHUA M3OENUA-3aroTOBOK Ha paspbiB. [Ns BbISIBNEHWMS HaWmyudLIEro
COOTHOLLUEHMS MO MPOYHOCTU, 3NACTUYHOCTU N CTOMMOCTM M3rOTOBMEHUSA Ha MCMbITaHusA Obinn npeacTaBneHsbl
o6pasubl C pasHbIM MPOLEHTHbIM COOTHOLLUEHMEM MOpPOLLKa. BbiNno O0TMEeYeHOo, YTO CTOMMOCTb M3rOTOBMEHMS
3anacHbIX YacTen, UHCTPYMEHTOB M npuHaanexHocten (3MMM) ¢ nomowibto 3D-neyat 3aBUCUMT OT MHOXECTBA
dakTopoB. KntoyeBbiMy hakTopamun BANSHUA BbIn NPU3HaHLI reoMeTpusa n3genuin, onpegensowias nx odbem,
a Takke NII0THOCTb KOMMOHOBKM MX B kamepe. HapaboTaHHbIV ONbIT U aHanmM3 KpUtepres NO3BONMUN NPEANnOXnNTb
HECKOJSbKO BapUaHTOB KOMMNOHOBOK, KOTOPbIE CMOCOOHbLI MPUBECTN K MakCMMarbHOMY S9KOHOMUYECKOMY 3hdekTy.

KnroueBble crnoBa: pesepc-UHXUHUpUHe, hukcamop, 3D ckaHuposaHue, asmomMamuyecKkasi KOMIMOHO8Ka.

1. INTRODUCTION

Many works have been devoted to the
development and modeling of complex composite
structures from anisotropic materials (Babaytsev
et al., 2017; Koshoridze et al., 2017; Babaytsev,
and Zotov, 2019; Babaytsev et al., 2019). Mainly,
one of the options for obtaining such structures is
3D printing (Nazarov, 2011; Boytsov et al., 2011;
Atzeni and Salmi, 2012; Mellor et al., 2014;
Bespalov et al., 2019; Kuzovkin and Suvorov,
2014; Piller et al., 2015; Anamova et al., 2016;
Ripetskiy et al., 2016; Babaytsev et al., 2017,
Rabinskiy et al., 2017; Ripetskiy et al., 2018;
Kuprikov et al., 2019). The area of use of such
products is too vast. For example, to ensure the
timely manufacture of products, the operation of all
conveyor lines and machines should run smoothly.
Failure per under such conditions may not be
dangerous, provided that spare parts, tools, and
accessories are available (SPA) (Bhutani et al.,
2017; Béckin and Tillman, 2019; Kolotyrin et al.,
2019; Westerweel et al., 2019; Pellens et al.,
2020). However, there are parts and components,
the failure of which leads to failure of the entire
conveyor (Boboc et al., 2019; Zhang, 2019). In the
conditions of reality of Russian industrial
enterprises to supply spare parts (including ones

of foreign manufacture) is difficult and to predict
when the break occurs is not always possible.
Therefore, with a slight breakdown, the entire
production line can stop (Zhang and Chang, 2011;
Yumashev et al., 2019; Bulavin et al., 2018).

Using the example of individual elements
of the conveyor, it can be considered the reverse
engineering cycle, timing of reproduction, and
economic effect compared with the original part.
The fixator (Figure 1) is a part of the conveyor for
moving workpieces. This part is a knowingly weak
link of the machine and most frequently fails. At the
same time, it is impossible to predict how long the
original part will last. The reason for this includes
several factors:

1. The part works in constant contact with
workpieces, due to which there is wear at the
points of contact.

2. The occurrence of a defective workpiece
can ruin the part and damage it.

3. Failure of automatic workpiece feed
mode and also disables the part.

4. This part is knowingly weak link to
prevent a chain reaction of breakdowns on the
conveyor — when the fixator fails, and the
workpieces are not transferred further along the
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line.

The cost of the original part “fixator” is over
800 units, and the delivery time takes about 1.5
weeks. It is delivery times and financial losses due
to equipment downtime that make the issue of
quick reproduction of parts relevant for replacing
the original ones (Song and Zhang, 2016;
Alekseev et al., 2019; Sobczak-Kupiec et al.,
2012; Sobczak-Kupiec et al., 2018). The cycle,
including 3D scanning, 3D printing using SLS
technology, processing, and delivery, takes from 2
to 4 days (Georgios Tsoutsos et al., 2017; Kim,
2019; Tashi et al., 2019; Skvortsov et al., 2012).
Depending on the volume and arrangement of the
chamber parts and the proportions of the powder
used, the benefit can be 50 to 60%. Going through
reverse engineering, revision, and printing cycle is
becoming preferable for enterprises than waiting
for the original spare part (Revilla-Leén et al.,
2018; Sevryukova et al., 2012; Revilla-Ledn et al.,
2019; Koltunov et al., 2018; Revilla-Ledn et al.,
2020).

2. MATERIALS AND METHODS

In this article, the process of creating a test
piece using selective laser fusion (SLS)
technology was considered. In this case, the
economic efficiency of manufacturing the products
depends directly on the effective and correct
solution to the problems of technological
preparation of additive production. The most
powerful influence on the result is exerted by the
task of the technical layout of products in the
construction chamber — the search for a layout
solution.

To obtain high-quality electronic models for
real products, three-dimensional scanning
equipment was used — the FARO Arm EDGE
coordinate measurement machine (CMM) and the
Kreon ZEPHYR KZ25 laser nozzle. The working
area of the CMM is 1800 mm, which is sufficient to
obtain electronic models of any spare parts and
elements of the conveyor belt line. The Kreon
ZEPHYR KZ25 non-contact laser scanner has the
technical characteristics presented in Table 1. The
use of such mobile CMMs and easily removable
nozzles (non-contact laser scanners) calls for their
use in close proximity to the production site, which
helps to quickly obtain the desired product. The
electronic models obtained from the measurement
results were put into production.

The arrangement of products is made
according to some limiting criteria (Ripetskiy et al.,
2016). The experience obtained during the work

with the installation of selective laser sintering
EOSINT P 395, allowed to highlight the most
important of them:

. the indent from walls of the build
chamber to the nearest part should be at least 15
mm;

. the distance between any two
points on the surface of two different parts should
not exceed 6 mm;

. in order to maintain the
homogeneous structure and, as a result, the same
strength characteristics, all products, in the
beginning, should be oriented identically with
respect to the growing direction (vectors
perpendicular to the layers of future products
should be collinear).

The key parameters that affect cost of the
product at the stage of assembly are:

. layout height;

. layout density, determined from the
volume of parts placed at the beginning of a given
height;

. time spent on choosing the optimal
layout solution;

It is important to note that an attempt to
increase density of layout and neglect the criteria
reduces the reliability of the launch and can lead
to spoilage of products, and even to failure of the
installation of SLS-printing (Willmann, 2019).
Figure 2 displays a horizontal arrangement of the
components in manual mode, this layout has
height of construction 32 mm and can
accommodate 18 parts. The horizontal
arrangement allows us to use less material along
the height of chamber, but the percentage of
unused material is quite high. To calculate the cost
of printing, it is should be considered the following
indicators:

» assembly height — 26.63 mm;

* placement density — 14.22%;

* use of platform volume — 0.61%;
« volume of parts — 437.834 cm?;
* number of parts — 18 pcs.

To achieve the optimal value, it is
necessary to increase the number of parts, while
reducing the density of placement, taking into
account the layout criteria listed above. Subject to
the above parameters, taking into account the
manual arrangement of parts in chamber, the
probability of operator error is high, while the time
cost is significantly increased. The best solution
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would be to use automatic layout. Figure 3
illustrates realization of automatic layout of fixators
in vertical arrangement. In a vertical arrangement,
more material is used along height of the chamber,
while the number of parts has increased by more
than 3 times.

Key indicators for layout variant No. 2 will
be as follows:

» assembly height — 90.05 mm;

* density of placement — 16.41%;

» use of platform volume — 2.31%;
« volume of parts — 1605. 389 cm3;
* number of parts — 66 pcs.

Another important technological limitation
is the requirements of SLS-print to the part
geometry and resolution of EOSINT P 395. One
example is the impossibility of accurately
producing functional holes whose axes are
perpendicular to the growing direction. Thus, for
example, the product fixing the conveyor belt
(Figure 4) has a simple geometry in terms of
topology, but it takes up quite a lot of space in the
construction chamber when placed taking into
account the above technological limitations.

Subject to all technological requirements,
the density remains small, and the number of parts
does not exceed 23 pieces. Figure 5 shows a
possible dense arrangement for the parts.

Key indicators for layout of variant No. 3
will be as follows:

» assembly height — 41.27 mm;

* placement density — 10.74%;

* use of platform volume — 0.71%;
« volume of parts — 512.401 cm?;
* number of parts — 23 pcs.

Further analysis will demonstrate that this
arrangement will not be cost-effective for the
introduction of printed fixative products as spare
parts for conveyor belts.

The products were made of PA2200
polyamide powder as the most affordable for the
selected technology (SLS), as well as having
excellent strength and chemical resistance
specifications. Technical specifications of this
powder are presented in Table 2.

3. RESULTS AND DISCUSSION:

SLS technology allows using unprocessed
powder material repeatedly. The percentage of

primary and secondary material affects both
product properties and pricing. Thus, for example,
the cost of a holder when printing exclusively on
secondary powder is 100 units. This increases the
flexibility of the product, which affects the
operation quality. In order to find the optimal
proportion in terms of cost in this case, it is
necessary to make products with different
proportions of the primary and secondary powder
in various operating modes. According to the
results, changes to the material's geometry (e.g.
increasing the wall thickness with a ratio of
“0/100”) or increasing the amount of primary
material to the detriment of the product's cost are
needed.

Since the printed part has a porous
structure, it is necessary to take into account the
hygroscopicity of the product and its effect on
operational characteristics. Figure 6 demonstrates
the change in mass compared to the original part
before and after testing. The weight of the printed
holder before the test was 23.23 g. The printed
sample was tested in direct contact with the
aqueous medium for 500 hours, while the weight
increased to 24.08 g. for sample No. 1 and to
24 .31 gr. for sample No. 2. The clearance between
the clamps has increased from 0 to 1 mm. Fatigue
tests were performed using 40% primary and 60%
secondary powder ratios. The functional
characteristics of the holder remained in the
normal range (Mustafin, 2006; Mustafin and
Volkov, 1984).

At the moment, the samples with a different
material ratio undergo strength and fatigue tests
(Table 3). To quantify the properties of the material
for the given geometry, a series of tensile testing
of blanks were performed. To identify the best ratio
of strength, elasticity, and manufacturing cost,
samples with different percentages of powder
were offered for testing. So, samples 1.1, 1.2, 1.3,
1.4,1.5,1.6, 1.7 have aratio of 40 % of the primary
powder and 60% of the secondary, while samples
1.6 and 1.7 were already tested under production
conditions for 2.5 months of continuous operation
(Mellor et al., 2014). Samples 1.8 and 1.9 were
made entirely of secondary powder, and in the
graphs below, it can be seen that these samples
are the most elastic. Tensile tests were performed
at a speed of 25 mm/min. Figure 7 presents
graphs demonstrating the maximum load of the
test samples.

The graph shows that the samples, printed
with the use of 3D printing, can stand high maximal
loads. Products 9 and 10 printed with a 100% ratio
of secondary powder have greater elasticity and
did not collapse during testing. Static tests were
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also carried out at the same time, the task of which
was to determine the boundary conditions, after
which the sample would lose its elasticity and
cease to take its original shape. Table 4 shows the
result of static tests of the holding part for 3
months. The highlighted test holder is marked by
red, the blue stands for the original holder (Figure
8) (Anamova et al., 2016; Umbetov et al., 2016a;
Umbetov et al., 2016b; Rabinskiy et al., 2017).
Comparison of the geometries of the original and
used holders showed an increase in the gap
between the arcs by 5 mm; in this state, the holder
is still able to fulfill its main function of holding the
workpieces, but such a part must be replaced
(Rabinskiy et al., 2017). Problems prototyping are
regarded in (Nazarov, 2011; Kalinsky et al., 2019;
Boytsov et al., 2011; Atzeni and Salmi, 2012;
Kuzovkin and Suvorov, 2014; Piller et al., 2015).

4. CONCLUSIONS:

This work mentions that the cost of
manufacturing spare parts using 3D printing
depends on many factors. The geometry of the
products, which determines their volume, as well
as density of their arrangement in the chamber,
were recognized as key factors of influence. The
same factors become criteria for the economic
efficiency of using SLS technology to solve applied
production problems.

Several technological parameters and
criteria were analyzed that limit the technical
engineer in creating effective layouts. The
accumulated experience and analysis of the
criteria allowed us to suggest several layout
options that can lead to a maximum economic
effect. Another critical factor is the improvement in
the time of delivery of the finished product to the
production line. Analysis of specific production line
(Nizhnelomovsky enterprise of the United Penza
Plant) demonstrated that timely production of
spare parts by 3D printing could reduce delivery
time by an average of 2 days.

Therefore, the use of SLS printing for the
production of individual elements of the conveyor
line can reduce delivery times by an average of 2
times, and for individual products - by 2.5-3 times.
The cost of a single product decreases by an
average of 37.5 %, and for individual products, it
is 1/3 of the cost of the original spare part. This
effect was proved on example of specific products
and can partially be transferred to other
applications for quickly creating spare parts in
production conditions. The issue of expanded use
of SLS printing, as well as other rapid prototyping
tools, is part of the task of further research on the

subject.

In addition to the above-mentioned positive
effects of the introduction of 3D printing, it is
necessary to take into account the series and
uniqueness of products, and it is important to
understand at which stage it can be switched to
other production technologies. Further tasks in this
direction are to determine the criteria and
requirements for the geometry of products, as well
as to create a mathematical apparatus that could
let us confidently determine the production
technology of specific products to achieve the
maximum economic effect. Presently, work in this
direction is also proceeding.
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Table 1. Kreon ZEPHYR KZ25 Laser Scanner Specifications

Data collection speed

34 fps, up to 30,000 dots/s

Number of laser lines per second 60

Accuracy, mm +0.015

Sensor resolution 0.005

Linear resolution 0.03

Laser type Signal modulation diode
Laser class Il

Wave length, nm 675

Maximum power, mW 3.7

Table 2. Mechanical properties of polyamide PA2200

Mechanical properties Value Unit Test Standart
Izod Impact notched (23°C) 4.4 kd/m?  ISO 180/1A
Shore D hardness (15s) 75 ISO 868

Tensile Modulus (X Direction)

1650 MPa ISO 527-1/-2

Tensile Modulus (Y Direction)

1650 MPa ISO 527-1/-2

Tensile Modulus (Z Direction)

1650 MPa ISO 527-1/-2

Tensile Strength (X Direction)

48 MPa ISO 527-1/-2

Tensile Strength (Y Direction)

48 MPa ISO 527-1/-2

Tensile Strength (Z Direction)

42 MPa ISO 527-1/-2

Strain at break (X Direction) 18 % ISO 527-1/-2
Strain at break (Y Direction) 18 % ISO 527-1/-2
Strain at break (Z Direction) 4 % ISO 527-1/-2

Charpy impact strength (+23°C, X Direction)

53 kd/m*  1SO 179/1eU

Charpy notched impact strength (+23°C, X
Direction)

4.8 kd/m?  1SO 179/1eA

Flexural Modulus (23°C, X Direction)

1500 MPa ISO 178

Melting temperature (20°C/min)

176 °C ISO 11357-1/-3

Vicat softening temperature (50°C/h 50N)

163 °C ISO 306

Density (lasersintered)

930 kg/m* EOS GmbH Method

Table 3. The economic effect from the introduction of 3D printing for the production of spare parts

Product type Delivery time Cost, USD
.- " - 3 D printing 3 D printing

Original 3D printing  Original 40/60 0/100
Fixator type 1 f:joamysz 3-4days  from$ 123 §33 $ 1.5
Fixator type 2 f:joamysz 3-4days  froms$ 13.9 §3.5 $1.7
Fixator Parametric from 2
Model days 3-4 days nia b33 -
Holder bracket for 15weeks  3-4 days from $ 6.2 $4.5 n/a

blanks
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Table 4. The test results

Sample label Maximum load [kN] Ultimate strain [%] Note
1.0 0.2 34.433 Test speed 25 mm /
min. Original
1.1 0.36 55.37 Test speed 25 mm /
min. Polyamide.
1.2 0.35 54.62 Test speed 25 mm /
min. Polyamide.
13 0.37 57.599 Test speed 25 mm /
min. Polyamide.
14 0.29 53.741 Test speed 25 mm /
min. Polyamide.
15 0.34 53.599 Test speed 25 mm /
min. Polyamide.
Test speed 25 mm /
1.6 0.31 55.391 min. Polyamide (was in
operation).
Test speed 25 mm /
1.7 0.33 54.745 min. Polyamide (was in
operation).
Test speed 25 mm /
1.8 0.47 69.266 min. Polyamide
(secondary powder).
Test speed 25 mm /
1.9 0.39 65.683 min. Polyamide
(secondary powder).
210 0.65 70.037 Test speed 25 mm /
min. Original.
Minimum 0.2 34.433
Maximum 0.65 70.037
The average 0.37 56.77
Stand. reject 0.11 9.71
Coef. variations 31% 17%
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Figure 1. 3D model of the workpiece fixator (Type 1)

Figure 3. Variant of automatic arrangement of products in chamber (vertical arrangement)
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Figure 4. Conveyor belt bracket
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Figure 6. Change in the mass of the fixator before and after the tests
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Figure 7. Graph of changes in sample loads
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Figure 8. Change in holder geometry before and after tests
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