Henrique Ajuz Holzmann
(Organizador)

A Aplicagao do
Conhecimento Cientifico
na Engenharia Mecanica

Atena

Editora
Ano 2020



Henrique Ajuz Holzmann
(Organizador)

A Aplicagao do
Conhecimento Cientifico
na Engenharia Mecanica

Atena

Editora
Ano 2020




2020 by Atena Editora
Copyright © Atena Editora
Copyright do Texto © 2020 Os autores
Copyright da Edicao © 2020 Atena Editora
Editora Chefe: Prof? Dr® Antonella Carvalho de Oliveira
Diagramacao: Geraldo Alves
Edigcdo de Arte: Lorena Prestes
Revisdo: Os Autores

Todo o conteludo deste livro esta licenciado sob uma Licenga de Atribuicdo Creative
BY Commons. Atribui¢ao 4.0 Internacional (CC BY 4.0).

0 conteldo dos artigos e seus dados em sua forma, correcao e confiabilidade sao de responsabilidade exclusiva
dos autores. Permitido o download da obra e o compartilhamento desde que sejam atribuidos créditos aos
autores, mas sem a possibilidade de altera-la de nenhuma forma ou utiliza-la para fins comerciais.

Conselho Editorial

Ciéncias Humanas e Sociais Aplicadas

Prof? Dr® Adriana Demite Stephani - Universidade Federal do Tocantins

Prof. Dr. Alvaro Augusto de Borba Barreto - Universidade Federal de Pelotas

Prof. Dr. Alexandre Jose Schumacher - Instituto Federal de Educacao, Ciéncia e Tecnologia de Mato Grosso
Prof. Dr. Antonio Carlos Frasson - Universidade Tecnolégica Federal do Parana

Prof. Dr. Antonio Gasparetto Junior - Instituto Federal do Sudeste de Minas Gerais

Prof. Dr. Antonio Isidro-Filho - Universidade de Brasilia

Prof. Dr. Carlos Antonio de Souza Moraes - Universidade Federal Fluminense

Prof. Dr. Constantino Ribeiro de Oliveira Junior - Universidade Estadual de Ponta Grossa
Prof? Dr? Cristina Gaio - Universidade de Lisboa

Prof? Dr® Denise Rocha - Universidade Federal do Ceara

Prof. Dr. Deyvison de Lima Oliveira - Universidade Federal de Rondonia

Prof. Dr. Edvaldo Antunes de Farias - Universidade Estacio de Sa

Prof. Dr. Eloi Martins Senhora - Universidade Federal de Roraima

Prof. Dr. Fabiano Tadeu Grazioli - Universidade Regional Integrada do Alto Uruguai € das Missoes
Prof. Dr. Gilmei Fleck - Universidade Estadual do Oeste do Parana

Prof? Dr? Ivone Goulart Lopes - Istituto Internazionele delle Figlie de Maria Ausiliatrice
Prof. Dr. Julio Candido de Meirelles Junior - Universidade Federal Fluminense

Prof® Dr® Keyla Christina Almeida Portela - Instituto Federal de Educacao, Ciéncia e Tecnologia de Mato Grosso
Prof? Dr? Lina Maria Goncalves - Universidade Federal do Tocantins

Prof® Dr® Natiéli Piovesan - Instituto Federal do Rio Grande do Norte

Prof. Dr. Marcelo Pereira da Silva - Universidade Federal do Maranhao

Prof? Dr® Miranilde Oliveira Neves - Instituto de Educacao, Ciéncia e Tecnologia do Para
Prof? Dr? Paola Andressa Scortegagna - Universidade Estadual de Ponta Grossa

Prof? Dr? Rita de Cassia da Silva Oliveira - Universidade Estadual de Ponta Grossa

Prof? Dr? Sandra Regina Gardacho Pietrobon - Universidade Estadual do Centro-Oeste
Prof? Dr? Sheila Marta Carregosa Rocha - Universidade do Estado da Bahia

Prof. Dr. Rui Maia Diamantino - Universidade Salvador

Prof. Dr. Urandi Joao Rodrigues Junior - Universidade Federal do Oeste do Para

Prof? Dr® Vanessa Bordin Viera - Universidade Federal de Campina Grande

Prof. Dr. William Cleber Domingues Silva - Universidade Federal Rural do Rio de Janeiro
Prof. Dr. Willian Douglas Guilherme - Universidade Federal do Tocantins

Ciéncias Agrarias e Multidisciplinar

Prof. Dr. Alexandre Igor Azevedo Pereira - Instituto Federal Goiano

Prof. Dr. Antonio Pasqualetto - Pontificia Universidade Catélica de Goias
Prof® Dr® Daiane Garabeli Trojan - Universidade Norte do Parana

| Atena

LEditora
Ano 2020




Prof® Dr® Diocléa Almeida Seabra Silva - Universidade Federal Rural da Amazonia
Prof. Dr. Ecio Souza Diniz - Universidade Federal de Vicosa

Prof. Dr. Fabio Steiner - Universidade Estadual de Mato Grosso do Sul

Prof. Dr. Fagner Cavalcante Patrocinio dos Santos - Universidade Federal do Ceara
Prof? Dr? Girlene Santos de Souza - Universidade Federal do Recdncavo da Bahia
Prof. Dr. Julio César Ribeiro - Universidade Federal Rural do Rio de Janeiro

Prof? Dr® Lina Raquel Santos Araujo - Universidade Estadual do Ceara

Prof. Dr. Pedro Manuel Villa - Universidade Federal de Vicosa

Prof? Dr? Raissa Rachel Salustriano da Silva Matos - Universidade Federal do Maranhao
Prof. Dr. Ronilson Freitas de Souza - Universidade do Estado do Para

Prof? Dr? Talita de Santos Matos - Universidade Federal Rural do Rio de Janeiro
Prof. Dr. Tiago da Silva Teéfilo - Universidade Federal Rural do Semi-Arido

Prof. Dr. Valdemar Antonio Paffaro Junior - Universidade Federal de Alfenas

Ciéncias Biolégicas e da Salde

Prof. Dr. André Ribeiro da Silva - Universidade de Brasilia

Prof? Dr? Anelise Levay Murari — Universidade Federal de Pelotas

Prof. Dr. Benedito Rodrigues da Silva Neto - Universidade Federal de Goias

Prof. Dr. Edson da Silva - Universidade Federal dos Vales do Jequitinhonha e Mucuri
Prof? Dr? Eleuza Rodrigues Machado - Faculdade Anhanguera de Brasilia

Prof? Dr? Elane Schwinden Prudéncio - Universidade Federal de Santa Catarina
Prof. Dr. Ferlando Lima Santos - Universidade Federal do Reconcavo da Bahia

Prof. Dr. Gianfabio Pimentel Franco - Universidade Federal de Santa Maria

Prof. Dr. Igor Luiz Vieira de Lima Santos - Universidade Federal de Campina Grande
Prof. Dr. José Max Barbosa de Oliveira Junior - Universidade Federal do Oeste do Para
Prof? Dr® Magnélia de Araljo Campos - Universidade Federal de Campina Grande
Prof? Dr® Mylena Andréa Oliveira Torres - Universidade Ceuma

Prof® Dr® Natiéli Piovesan - Instituto Federacl do Rio Grande do Norte

Prof. Dr. Paulo Inada - Universidade Estadual de Maringa

Prof? Dr® Vanessa Lima Gongcalves - Universidade Estadual de Ponta Grossa

Prof® Dr® Vanessa Bordin Viera - Universidade Federal de Campina Grande

Ciéncias Exatas e da Terra e Engenharias

Prof. Dr. Adélio Alcino Sampaio Castro Machado - Universidade do Porto

Prof. Dr. Alexandre Leite dos Santos Silva - Universidade Federal do Piaui
Prof. Dr. Carlos Eduardo Sanches de Andrade - Universidade Federal de Goias
Prof® Dr® Carmen Lucia Voigt - Universidade Norte do Parana

Prof. Dr. Eloi Rufato Junior - Universidade Tecnolégica Federal do Parana

Prof. Dr. Fabricio Menezes Ramos - Instituto Federal do Para

Prof. Dr. Juliano Carlo Rufino de Freitas - Universidade Federal de Campina Grande
Prof. Dr. Marcelo Marques - Universidade Estadual de Maringa

Prof® Dr® Neiva Maria de Almeida - Universidade Federal da Paraiba

Prof? Dr® Natiéli Piovesan - Instituto Federal do Rio Grande do Norte

Prof. Dr. Takeshy Tachizawa - Faculdade de Campo Limpo Paulista

Conselho Técnico Cientifico

Prof. Msc. Abraao Carvalho Nogueira - Universidade Federal do Espirito Santo

Prof. Msc. Adalberto Zorzo - Centro Estadual de Educacao Tecnol6gica Paula Souza
Prof. Dr. Adaylson Wagner Sousa de Vasconcelos - Ordem dos Advogados do Brasil/Seccional Paraiba
Prof. Msc. André Flavio Gongalves Silva - Universidade Federal do Maranhao

Prof® Dr® Andreza Lopes - Instituto de Pesquisa e Desenvolvimento Académico

Prof® Msc. Bianca Camargo Martins - UniCesumar

Prof. Msc. Carlos Antdnio dos Santos - Universidade Federal Rural do Rio de Janeiro
Prof. Msc. Claldia de Araljo Marques - Faculdade de Musica do Espirito Santo

Prof. Msc. Daniel da Silva Miranda - Universidade Federal do Para

Prof?® Msc. Dayane de Melo Barros - Universidade Federal de Pernambuco

| Atena

Editora
Ano 2020




Prof. Dr. Edwaldo Costa - Marinha do Brasil

Prof. Msc. Eliel Constantino da Silva - Universidade Estadual Paulista Julio de Mesquita

Prof. Msc. Gevair Campos - Instituto Mineiro de Agropecuaria

Prof. Msc. Guilherme Renato Gomes - Universidade Norte do Parana

Prof* Msc. Jaqueline Oliveira Rezende - Universidade Federal de Uberlandia

Prof. Msc. José Messias Ribeiro Janior - Instituto Federal de Educacao Tecnolégica de Pernambuco
Prof. Msc. Leonardo Tullio - Universidade Estadual de Ponta Grossa

Prof? Msc. Lilian Coelho de Freitas - Instituto Federal do Para

Prof? Msc. Liliani Aparecida Sereno Fontes de Medeiros - Consércio CEDERJ

Prof® Dr? Livia do Carmo Silva - Universidade Federal de Goias

Prof. Msc. Luis Henrique Almeida Castro - Universidade Federal da Grande Dourados

Prof. Msc. Luan Vinicius Bernardelli - Universidade Estadual de Maringa

Prof. Msc. Rafael Henrique Silva - Hospital Universitario da Universidade Federal da Grande Dourados
Prof?® Msc. Renata Luciane Polsague Young Blood - UniSecal

Prof® Msc. Solange Aparecida de Souza Monteiro - Instituto Federal de Sao Paulo

Prof. Dr. Welleson Feitosa Gazel - Universidade Paulista

Dados Internacionais de Catalogagao na Publicagao (CIP)
(eDOC BRASIL, Belo Horizonte/MG)

A639 A aplicagdo do conhecimento cientifico na engenharia mecénica
[recurso eletrdnico] / Organizador Henrique Ajuz Holzmann. —
Ponta Grossa, PR: Atena, 2020.

Formato: PDF

Requisitos de sistema: Adobe Acrobat Reader
Modo de acesso: World Wide Web

ISBN 978-85-7247-982-0

DOI 10.22533/at.ed.820201302

1. Automacgéo industrial. 2. Engenharia mecanica — Pesquisa —
Brasil. 3. Produtividade industrial. 4. Tecnologia. |I. Holzmann,
Henrique Ajuz.

CDD 670.427

Elaborado por Mauricio Amormino Junior —- CRB6/2422

Atena Editora
Ponta Grossa - Parana - Brasil
www.atenaeditora.com.br
contato@atenaeditora.com.br

| Atena

LEditora
Ano 2020




APRESENTACAO

A Engenharia Mecéanica pode ser definida como o ramo da engenharia que
aplica os principios de fisica e ciéncia dos materiais para a concepc¢ao, analise,
fabricacdo e manutencao de sistemas mecanicos. O aumento no interesse por essa
area se da principalmente pela escassez de matérias primas, a necessidade de novos
materiais que possuam melhores caracteristicas fisicas e quimicas e a necessidade
de reaproveitamento dos residuos em geral.

Nos dias atuais a busca pela reducéo de custos, aliado a qualidade final
dos produtos € um marco na sobrevivéncia das empresas, reduzindo o tempo de
execucao e a utilizacdo de materiais.

Neste livro sdo apresentados trabalho te6ricos e praticos, relacionados a area de
mecénica e materiais, dando um panorama dos assuntos em pesquisa atualmente. A
caracterizacdo dos materiais € de extrema importancia, visto que afeta diretamente
aos projetos e sua execucdo dentro de premissas técnicas e econdémicas.

De abordagem objetiva, a obra se mostra de grande relevancia para graduandos,
alunos de pés-graduacdo, docentes e profissionais, apresentando tematicas e
metodologias diversificadas, em situagdes reais.

Sendo hoje que utilizar dos conhecimentos cientificos de uma maneira eficaz e
eficiente € um dos desafios dos novos engenheiros

Aos autores, agradeco pela confianca e espirito de parceria.

Boa leitura

Henrique Ajuz Holzmann
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CAPITULO 3

STUDY OF DIFFERENT LUBRI-COOLANT CONDITIONS
FOR INCREMENTAL SHEET FORMING OF THIN ZINC
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ABSTRACT: This study aims to evaluate
the behavior of zinc sheets using single point
incremental sheet forming process under four
different lubricants. This stamping technique
has gained prominence because it allows
forming in CNC machining centers, without
the need for specialized tooling, allowing the
process of sheet forming at a relatively low
cost. Part geometry was generated in a CAD/
CAM software and plates were fixed in the CNC
machine through a clamping device. Parameters
were set according to works of previous authors
in stamping of zinc and stainless steel parts.
Roughness tests were conducted to evaluate
surface quality, and material mechanical
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SHEETS

properties were assessed through tensile

tests. Results indicated that the zinc covered
steel used possess good formability. Besides a
slightly better surface quality was observed for
lubricant containing graphite.

KEYWORDS: Zinc sheets, Incremental Sheet
Forming, lubrication.

11 INTRODUCTION

Mechanical forming process are those
that aim to change the shape of a metallic
body to another defined form without material
removal, through plastic deformation. These
include folding, lamination, forging, drawing
and stamping, which are traditional strategies
and differ as to the type of stresses applied and
the working temperature.

Modelling of sheet metal or stamping is
of special interest in the automobile, naval and
aerospace industry, medical area and even for
household items. However, most of the cited
processes are intended for the production
of large and medium lots, through use of
extensive tooling, equipment and resources,
such as hot and cold press, hard steel dies
and heat treatment oven. These work well for
production lines, yielding lower cost per piece.
However, when a product is being developed
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and a prototype is necessary, or when the quantity to be produced is in small,
conventional stamping would be appropriate (TIBURI, 2007). Incremental Stamping
or Incremental Sheet Forming (ISF) is an alternative process, which allows obtaining
complex geometries with a CNC machine and simple tools, as used by Cao (2015)
in studies of incremental forming. Nilsson (2002), whose results serve as a guide,
has applied this process to zinc stamping jobs in profitable condition. There is vast
literature on the process and it can be applied under various conditions, not only in
metals but also in polymers. It also has a proven economic advantage under certain
conditions, such as complex parts, when compared to conventional stamping. Mass
and volume are kept constant, but material form and mechanical properties change
according to process parameters such as tool rotation and feed, lubrication and tool
path.

This work presents a study of this technique applied in pure zinc sheets of 0.5
mm thickness under different lubrication conditions. Final depth of stamped parts,
presence of cracks due to processing and surface finish were assessed. The material
initial mechanical properties and metallography were assessed and help to explain
the influence of material characteristics in process results. Anisotropy coefficients
were measured, and the influence of lubricating fluid in the process was discussed.

2 | MATERIALS AND METHODS
2.1 Materials used

The formability essays were performed on zinc sheets cut from a laminated
blank to square shape of 240 mm wide and 0.5 mm thick. The tool used is 12 mm in
diameter and a semispherical cap was turned from an AIS152100 steel rod. Before
every test, its surface condition was verified by unaided eye and grinded in 300 mesh
sandpaper when wear of the tip was apparent. All essays were performed on a CNC
ROMI Discovery 760 machining center with 9 kW power capacity in the spindle.

Four different lubricants were used as follows. Semi-synthetic SAE 10W30 oil,
which has viscosity of 4.1 mm?/s in room temperature and 9.3 to 12.5 mm?2/s at 100°C,
besides 0.882 g/cm? density. Mono-viscous oil for SAE 90 gearbox with viscosity
between 13.5 and 24 mm?3/s and 0.89 g/cm? density. Mix of SAE 90 oil with graphite
as solid lubricant, which was added at the proportion of 10 g of graphite to 90 g of
SAE 90 oil. At last, a test with a minimum quantity of lubricant (MQL) with a flow rate
of 50 mL per hour was performed. For the metallographic analysis, samples were
sequentially grinded on sandpapers of mesh 120, 250 and 300, polished and then
etched in aqua regia. Scanning electron microscope (SEM) from HITACHI model
TM 3000 was used to inspect the surface from one of the samples. Finally, tensile
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tests were performed using three specimens taken from undeformed sheets, within
lamination direction of 0°, 45° and 90°. The machine for the tensile essay was a
SHIMADZU AG-X with load cell capacity of 300 kN.

2.2 Experimental Procedure

Initially, geometry of the final part was generated in CAD software, being a cone
trunk with a slope of 45°. Tool path was produced through CAD/CAM system. Inside
the CNC, a clamping device having several tightening screws was used to fasten the
sheet. Tool was placed in the tool holder replacing the traditional milling tools. All the
four tests were performed with tool feed rate of 250 mm/min and rotation of 1000 rpm.

After the incremental sheet forming trials, the parts were cut with an abrasive
disc and then embedded in bakelite. They were subsequently subjected to manual
grinding, changing direction (90°) in each subsequent sanding until the traces of
the previous sanding disappear. Lastly, samples were polished with chromium oxide
particles of 5um. Metallographic analysis was performed in an optical microscope.
Etching employed aqua regia for a period of 1 minute. Four samples corresponding
to each test and two referring to the non-deformed sheet were analyzed. A chemical
composition analysis was performed using Energy Dispersive X-ray Spectroscopy
(EDS) from SEM.

The three tensile tests were carried by fixing the test specimens in the machine
and placing a strain gauge on them, measuring the deformation during application of
the quasi-static load. Obtained values were registered in a spreadsheet and plotted in
stress x strain curves. Fig. 1 represents the samples cut by portable electric scissors,
in accordance to ASTM E8 — 16a.

Figure 1. Scheme of the test specimens used in the tensile test

2.3 Governing equations

The following equations were also previously studied in previous related works,
as done by Al (2017). From the data collected after the tensile test, it is possible to
obtain the conventional stress o, which is the ratio between the applied force (F) and
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the area of the initial transversal section (A,), as shown in Eq. (1).

F F

woxt, A (1)
The relative tension (€) is the relationship between the variation of the length by
the initial length (I) and the instantaneous length of the specimen at the time of the

test, as shown in Eq. (2).

_l_[{}

€ lo

(2)

In fabrication by incremental sheet forming it’s desirable for the material to have
a high value of medium anisotropy, meaning a greater resistance to the decrease of
its thickness during the process. This coefficient is obtained by the tensile essays on
specimens at 0°, 45° and 90° of the rolling direction according to ASTM E517-00, and
is given as the ratio between the true width deformation (@5) and the deformation
of the thickness (¢o3). By definition, the anisotropy rate or coefficient of Lankford
(r) is the ratio between the true width deformation and the true deformation of the
thickness of a tensile test specimen, and can be calculated by Eq. (3).

o+ 3)

t,is the initial thickness of the specimen submitted to the tensile essay, w, is the
initial width of the specimen and /, is the initial length. /is the instantaneous length of
the specimen along the test. An ideal material to the ISF would be that in which the
coefficient of anisotropy tended to infinity, that is, with deformation only in width and
length. Anisotropy can be normal or planar. The normal anisotropy is indicative of the
capacity of the metallic sheet to resist to the decrease of the thickness when being
pulled and can be calculated by Eq. (4). When it presents value 1, there is equality
between the resistance to deformation at the length and at the thickness. When
greater than 1, the sheet offers greater resistance to the plastic deformation in its
thickness direction. Planar anisotropy is indicative of the variation of the anisotropy
coefficient between longitudinal and transverse directions of lamination and can be

calculated by Eq. (5).

1
rm -_ Z (rog + 2.?11_59 + rggg) (4)

Tpe -+ Tgpe

A — Tyro
r > T4s

(5)
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31 RESULT AND DISCUSSION

3.1 Incremental sheet forming

Figure 2 shows the side and top views of the generated geometries after the
incremental sheet forming trials. The upper and lower marking refers to the beginning
site, outermost region, and the region at the end of the process, respectively. The
shape of the cone at the end of the process was always the same predicted by the
CAD/CAM system, indicating good stampability.

Figure 2. a) Top view of final part. b) Side view.

3.2 Coefficient of anisotropy

The two parameters obtained from tensile tests on zinc sheets were stress
(N / mm?2) and displacement (mm). Together with initial measurements, relative
deformation (€) can be calculated by Eq. (2) and thus obtaining the true stress curves
out from the engineering stress x strain curve, which does not account for reduction
of transverse section. Data for samples obtained in lamination direction is presented

in Fig. (3).

A Aplicagdo do Conhecimento Cientifico na Engenharia Mecanica Capitulo 3




” STRESS X STRAIN CURVE FOR 02
4 T T T

350 i \
300 |/
250

200 H g

STRESS [MPa]

150T 1

100 1

0 0.05 0.1 0.15 0.2 0.25
STRAIN [mm]

Figure 3. Stress x Strain curve for 0° (Red: true stress curve, Blue: engineering curve).

It is possible to observe a well-defined elastoplastic transition which occurs
abruptly, marked by an upper and lower flow limit. The plastic deformation starts
at the upper yield stress and, with a decrease in stress, the deformation oscillates
slightly around a constant value (lower yield limit). After the transition, the deformation
remains at a virtually constant tension value, with a tendency to a straight line. For
the test at 45°, a very clear transition is not noticeable as in the first case. However,
it is possible to observe the characteristic fluctuation of the lower flow limit, present in
the deformation by up to approximately 5%, followed by an increase in tension with
the deformation, as shown in Fig. 4.
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Figure 4. Stress x Strain curve for 45° (Red: true stress curve, Blue: engineering curve).

With a behavior similar to the previous one, in the test with sample orientation
perpendicular to lamination direction, shown in Fig. 5, it is also possible to notice the
characteristic fluctuation of the lower flow limit until a deformation of 5%, followed by
an increase of the tension as the deformation increases.
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To evaluate the anisotropy degree, specimens were measured after the tensile
tests and then the deformations at length (@1), width (fpz) and thickness ((pg)
were calculated by comparing to the values before the test using Eq. (2) and Eq. (3).

Table 1 shows the final dimensions and the deformations of the specimens and the

values of Lankford coefficient for each direction.

LENGTH | WIDTH | THICKNESS | ¢, 0, @ r
0° 157.00 9.83 0.43 011 | 022 | 015 | 146
45° 160.20 10.17 0.48 014 | 019 | 004 | 475
90° 163.50 10.08 0.41 0.6 | 020 | 020 | 1.00

Table 1. Final dimensions and deformations of test specimens

Through Eq. (4) and Eq. (5), it is possible to calculate the values of the normal

anisotropy (;,,,) and planar anisotropy (Ar), yielding 2.99 e -3.5, respectively. Once

the value of normal anisotropy is greater than 1, we can conclude that the sheet

presents higher resistance to plastic deformation at the thickness, being deformed

mainly at length and the width, according to studies of Melconian (2014). Regarding

the planar anisotropy (A1), the value found indicates that there is a great variation of

normal anisotropy between the longitudinal and transverse directions.
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3.3 Scanning electron microscopy (sem) and energy dispersive spectroscopy
(EDS)

Fig. 6 shows an image of the sheet seen from above in SEM equipment, whereas
the respective spectrum of EDS was generated for the indicated point. Table 2 shows
the results of the EDS evaluation of the whole area seen in Fig. 6, indicating that the
material has a zinc purity of about 97.5 %.

SpeMM 1 ’

P ey T L A B L |
n 2 1 & L] in 12 1 16 108 0
[Full Scale 8 cts Cursor: 1,737 (3798 «1s) L

Figure 6. Left: SEM image of surface. Right: EDS spectrum for the indicated yellow point.

Element % Weight
Zinc 97.772
Iron 1.507

Silicon 0.127
Aluminum 0.594

Table 2. Percentage of metals present in the analyzed region.

From the above, it is possible to conclude that the zinc plate has a large region
(lighter region) composed predominantly of zinc with some isolated regions (darker
regions) with a predominance of silicon and iron element, possibly in the form of a

silicate inclusion.

3.4 Surface roughness

Roughness tests were performed taking into account three parameters: Ra, Rq
and Rz. These are the most common parameters for evaluating a metal part made
by stamping (LI, 2017). From Fig. 7 it is possible to observe a great change in the
surface quality from the plate before the test. However, parameter Ra does not define
the shape of the irregularities of the profile.
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Figure 7. Ra obtained values

As expected, the values of Rq, as shown in Fig. 8, were higher than Ra, because
it is more sensitive to a high value of a peak or valley, that is, the parameter Rq

accentuates values that deviate from average.
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Figure 8. Rqg obtained values
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Fig. 9 shows the high values of Rz that indicate peaks and valleys in the profile
higher than the average roughness. This parameter is more sensitive to changes
in finishing than Ra, and captures the valleys produced during tool passage. In this
small region, tensions rise above yield strength limit of material, meaning an extreme

contact pressure, often accompanied by heat generation.
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Figure 9. Rz obtained values

A problem during trials was that when the forward speed exceeded the data
transmission capacity, bumps happened in the machine because of discontinuity
of movement. As a result there were short temporary loss of the second and third
degree polynomial interpolation (functions G02 and GO03) for an interpolation by
straight segments (GO1 function), during a few milliseconds along the test, resulting
in an undesirable quality finish, with vertical wall striations (SOUZA, 2008).

Another cause for the drop in finish quality is the change in the temperature
of the lubri-refrigerant fluid and the consequent alteration of its properties. There is
also the presence of particulates that are released from the sheet during the forming
process and are retained in the fluid, being able to scratch the part’s surface.

3.5 Metallographic analysis

Figure 10(a) shows the transverse section of the untested sheet. Its blue-like
color is typical of zinc sheets, but the more intense surface color might indicate a
great quantity of concentrated energy because of the plastic deformation occurred
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during the cut. Figure 10(b) shows the upper part of the untested sheet. In this case,
the presence of plastic deformation is not noticeable, only the microstructure of zinc
with darker points, probably made up of silicates.

Figure 10. a) View of the transverse section of the sheet before the essay. b) Top view of the
sheet before the trial.

Fig. 11(a) shows the microstructure of sample lubricated with SAE 10W30
oil. From the image, it is possible to observe a more deformed (upper) region, in
which there was a higher concentration of energy because of the stamping test and,
therefore, more etched by the reagent. The deformed region is about 90 micrometers
length and the microstructure is mainly composed of zinc and silicates (darker region).
Fig. 11(b) shows the microstructure for the test with the lubricant oil SAE 90. The
depth of deformed region was about 70 micrometers. Considering the viscosity of the
fluid as a resistance to the internal shear, it is possible that the SAE 90 oil being a
more viscous fluid than the 10W30 it was able to absorb more deformation, resulting
in a lower deformation at the sheet.

Figure 11(c) shows a micrograph to the test with MQL. In this test, the deformed
layer had a slightly lower depth than commercial automotive oils, with 55 micrometers.
Moreover, Figure 11(d) shows the result for the test with the solid lubricant. This test
presented the deformation with lower depth. A hypothesis for this result is that the
presence of graphite is an additional component, responsible for absorbing part of
the energy by the deformation caused by the shear of its lamellar structure, due to its
weak Van der Waals links. Besides, the effective lubricating effect of graphite might
also be associated to the better surface quality achieved, diminishing the pressure
applied by the tool during its passage through the sheet.
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Figure 11. a) SAE 10w30 oil b) SAE 90 oil c) MQL d) Solid Lubricant

4| CONCLUSION

Through practical experiments, it was possible to demonstrate that it is possible
to adapt resources used in machining, such as a CNC machining center, tools and
software for the production of geometries employing incremental sheet forming of
pure zinc.

This material exhibited a suitable behavior for stamping, with great ductility
and elongation, though it presents a low mechanical resistance when compared to
other metals such as steel, for example (KONDRATIUK, 2011). The planar anisotropy
results indicate that there is a great variation in the mechanical response between the
longitudinal and transverse directions. This fact suggests that the use of a previous
annealing process could improve even more the formability of the material (LU, 2016).
As expected, the process generated increased surface roughness. This increase
was, however, smaller at the end of the process, mainly due to the better lubrication
conditions at the end of the test, since the cone geometry itself concentrated more
lubricant in the shaped region, similar to the findings of Filice (2013). Among the
four experiments, the graphite lubrication presented a slightly better surface quality
than the others did. The lubrication by MQL was adequate, with results close to the
others, proving its effectiveness as lubricating medium. Taking into account the low
quantity used, this option is advantageous when analyzed from an economic and
environmental perspective. For commercial oils, the less viscous lubricant resulted
in a better surface finish as it has a better ability to “wet” the surface and establish a
good thermal contact, even though the tests point to a deeper deformed region.

The residual deformations analyzed by metallography analysis indicate that
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the viscosity of the fluids was directly correlated with the depth of the plastically
deformed zone, in accordance to studies of Gatea (2016) and Magbool (2019). This
can be explained by the fact that higher viscosity usually generates higher lubricity,
as observed in the tribological system in question. The use of graphite as a solid
lubricant further aided the tribosystem lubricity, reducing even more the depth of the
plastically deformed zone and improving surface quality.
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