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RESUMO

A utilizacdo de residuos industriais, como o P6 de Aciaria Elétrica (PAE), residuos em
po recuperados apds a producdo de aco em fornos elétricos a arco, como reforco em AMCs
ainda é pouco explorado, embora tenha mostrado potencial para melhorar algumas
propriedades mecéanicas do material base, tais como dureza e resisténcia. Com o objetivo de
propor uma nova alternativa para o reaproveitamento do PAE, compositos de matriz AA7075
reforcados com PAE, utilizando diferentes fragdes e tamanhos de particulas, foram
produzidos. Os p6s de partida foram processados utilizando um moinho tipo SPEX. A
densificacdo das amostras de PAE-AA7075 foi realizada por meio da técnica Spark Plasma
Sintering (SPS), em uma Unica etapa, sendo a amostra aquecida a partir da temperatura
ambiente, a uma taxa de 100 °C/min, até 550 °C, sendo essa mantida por 15 min ou 30 min,
dependendo da amostra. Durante esse patamar, uma pressao uniaxial de 100 MPa foi aplicada.
Nenhum tratamento térmico adicional é executado. Para avaliar a influéncia da fracdo de PAE
e tamanho de particula nas propriedades mecanicas e na microestrutura do material
composito, testes de microdureza Vickers, microscopia optica e microscopia eletrénica de
varredura foram realizados nas amostras sinterizadas. Observagdes em MEV mostram que a
distribuicdo das particulas de reforco no material é homogénea, sem aglomeracdo das
particulas. A microdureza dos compdsitos AA7075/PAE tende a aumentar com o0 aumento do
teor de PAE, mostrando que o PAE apresenta potencial promissor para ser aplicado como
reforco em compositos matriz AA7075. O aumento maximo da microdureza ocorreu usando o
PAE com tamanho de particula menor que 53 pm (denominado G1), aumentando de 108 para
168 HV com os teores de PAE de 0 a 15% em peso, respectivamente, correspondendo a um
aumento maximo de 55,6% em relacdo a microdureza do material de base. O Método dos
Elementos Finitos (MEF) foi utilizado como ferramenta preditiva para obter a melhor rota de
densificacdo pela técnica SPS. Ao comparar os resultados obtidos por meio da simulagdo com
os resultados experimentais, foi possivel notar que as curvas de densificacdo sdo muito
semelhantes, o que valida o estudo realizado e comprova que o MEF é uma boa ferramenta

preditiva do processo SPS e das propriedades dos materiais resultantes.

Palavras-chave: spark plasma sintering; compositos de matriz de aluminio;

reaproveitamento de residuos; metalurgia do p6; p6 de aciaria elétrica.



ABSTRACT

The use of industrial waste, such as Electric Arc Furnace Dust (EAFD), the generic
name for powdered waste recovered after the production of steel in electric-arc furnaces, as
reinforcement in AMCs is still little explored, although it has shown potential to improve
some mechanical properties of the base material, such as hardness and strength. Aiming to
propose a new alternative for the reuse of EAFD, AA7075 matrix composites reinforced with
EAFD, using different fractions and particle sizes, were produced. The starting powders were
processed using a SPEX type ball mill. The densification of the EAFD-AA7075 samples was
performed using the innovative Spark Plasma Sintering (SPS) technique, in a single step,
where the sample was heated from room temperature at a rate of 100 °C/min to a temperature
of 550° C, this temperature was maintained for 15 min or 30 min, depending on the sample.
During this process, a uniaxial pressure of 100 MPa was applied. No further heat treatment is
carried out. To evaluate the influence of EAFD fraction and particle size on the mechanical
properties and the microstructure of the composite material, Vickers microhardness, optical
microscopy and scanning electron microscopy (SEM) tests were carried out on the sintered
samples. Observations in SEM show that the distribution of the reinforcement particles in the
material is homogeneous, without agglomeration of the particles. The microhardness of
AAT075/EAFD composites tends to increase with increasing EAFD content, showing that
EAFD presents promising potential to be applied as reinforcement in AA7075 matrix
composites. The maximum increase in microhardness occurred using EAFD with particle size
smaller than 53 um (termed G1), increasing from 108 to 168 HV with the EAFD contents
from 0 to 15% by weight, respectively, corresponding to a maximum increase of 55.6% over
the microhardness of the base material. Finite Element Method (FEM) was used as a
predictive tool to obtain the best densification route by the SPS technique. By comparing the
results obtained through simulation with the experimental results, it was possible to notice
that the densification curves are very similar, which validates the study and proves that FEM

is a good predictive tool for the SPS process and the resulting material properties.

Keywords: spark plasma sintering; aluminum matrix composites; waste reuse; powder

metallurgy; electric-arc furnace dust.
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1 INTRODUCTION

According to the Instituto Aco Brasil (IAB), Brazil is the 9th largest producer of
crude steel, with 1.9% of world production in 2020, and the largest steel producer in Latin
America, accounting for 55.9% of production. Brazilian steelmakers consumed 5.46 million
tons of iron and steel scrap from external sources and 2.50 million tons produced in-house as
raw material in 2020 (IAB, 2020). It is estimated that 1.13 tons of scrap is needed to produce
1 ton of steel (CIUCCIO, 2004 apud RECKZIEGEL et al., 2012).

Among the various residues, the Electric Arc Furnace Dust (EAFD) must be given
special attention, as they contain chemical components that are harmful to nature and human
health. EAFD is generated during the melting of ferrous scrap in an electric arc furnace (EAF)
and collected by large bag filters. The EAF, designed to manufacture steel from recycled
ferrous scrap, as the main filler material, mixed with pig iron and/or direct-reduced iron, co-
produces between 15 to 25 kg of EAFD per ton of steel (ARAUJO; SCHALCH, 2014;
GUEZENNEC et al., 2005). With the growing need for steel production and the preservation
of natural resources, through reuse and recycling, it is necessary to develop alternatives to
reuse the waste generated in the production process, to reduce the amount of waste disposed
in industrial landfills, which has become a major environmental problem. The inadequate
management of industrial waste can contaminate soils, rivers, and groundwater and,
consequently, affect public health. On the other hand, the concern with the amount of waste
has become more present in steel companies because the legislation has also become more
stringent. Economically, reusing the waste would help to reduce the costs of extracting raw
materials and disposing of them in industrial landfills. Greater efficiency in the reuse of waste
can also bring benefits to the company's image before society, as good environmental
practices reveal a vision of commitment to the future of humanity.

Therefore, despite it is considered a renewable resource (MUHD et al., 2017) and a
secondary ray material (HAMUYUNI et al., 2018), finding a suitable use for the EAFD
represents a strong challenge and some studies have reported its recycling as filler in
composite materials with polymer (BARRENECHE et al., 2014; NIUBO et al., 2009),
ceramic (STATHOPOULOS et al., 2013b), cement (ALSHEYAB; KHEDAYWI, 2013),
concrete- (MUHD et al., 2017), metal-matrix (ADEOSUN et al., 2012; FLORES-VELEZ et
al., 2001; OLIVEIRA ALVES et al., 2018), among others (LEDESMA et al., 2017; METZ et
al., 2020; STATHOPQULOS et al., 2013b). This approach has shown itself to be a promising

alternative, presenting advantages to the environment by stabilizing harmful elements.
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Regarding the metal-matrix, aluminum-matrix composites (AMCSs) in particular are
of great interest because alloys such as the 7075 aluminum alloy (AA7075) exhibit
characteristics (low density, high strength-to-weight ratio) which are of a great importance,
including for applications in the automotive, aeronautics and naval industries. The
incorporation of EAFD into aluminum matrix composites also proved to be a good alternative
and in some cases the composites produced showed improvements in mechanical properties,
notably on the mechanical resistance and microhardness in relation to the base material
(ADEOSUN et al., 2012; FLORES-VELEZ et al., 2001; OLIVEIRA ALVES et al., 2018).
However, this approach needs further studies.

In this context, this work proposes to develop new metallic materials, in particular
low-cost metallic composites in which the waste will be used as reinforcement. For this, an
innovative manufacturing technology, called Spark Plasma Sintering (SPS), will be used. If
the results are promising, the methodology applied can help companies to reduce costs with
the disposal of this waste, as well as add value to these steel-making co-products.

The Spark Plasma Sintering (SPS) technique has great potential to produce parts very
close to the final size and shape in a single step (it can be considered a near-net-shape
manufacturing technology), requiring a minimum number of finishing processes, such as
machining, and also to avoid waste (ARNAUD et al., 2015; MANIERE et al., 2016b, 2017b).
The finite element method (FEM) is widely used to develop predictive models to evaluate the
sample properties and the final densification state of the material (such as ceramics, metals
and polymers) with very good approximation (MANIERE et al., 2016d, 2016c). To
understand and advance of SPS technology, it has become necessary to develop efficient
numerical models capable of representing and simulating coupled multiphysics phenomena
involving the thermal, mechanical and chemical of materials. One of the most promising
commercial software for dealing with associated problems is COMSOL Multiphysics®. This
software is a particularly suitable tool for developing such simulations, as it allows, through
the use of specific modules (each of these modules integrating specific equations), the
implementation and simulation of coupled multiphysics phenomena (COMSOL, 2018).

Therefore, due to the lack of studies about incorporating steel residues in metal
matrix composites and the potential shown in these few applications (ADEOSUN et al., 2012;
FLORES-VELEZ et al., 2001), the present work aims to investigate the influence of the
addition of the EAFD on the mechanical properties on aluminum matrix composites AA7075.

These composites will be fabricated using the Spark Plasma Sintering (SPS) technique, using
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different percentages of residues. Microstructure characterization tests (SEM-FEG, EBSD,
among others) will be conducted on the materials produced.

In addition, for the understanding of the phenomena involved in the SPS of
composites and the development of a predictive tool to produce new materials with a complex
shape, an electro-thermo-mechanical-microstructural numerical modeling based on finite
elements will be performed, using the commercial software COMSOL Multiphysics®.

Finally, this work is justified by the potential economic, environmental, and

scientific gains that it may provide.

1.1 OBJECTIVES

In this section the general objective (1.1.1) and the specific objectives (1.1.2) of the
work are presented.

1.1.1 General objective

The objective of this work is to produce an AA7075 aluminum alloy matrix
composite reinforced with Electric Arc Furnace Dust (EAFD) waste manufactured by Spark
Plasma Sintering technique and to develop a predictive electrothermal-mechanical-

microstructural (ETMM) numerical model based on the Finite Element Method.

1.1.2 Specific objectives

The specific objectives of this study are as follows:

a) Characterize the Electric Arc Furnace Dust (EAFD);

b) Metallographic preparation to determine the mechanical and microstructural
properties of AA7075 aluminum alloy matrix composites reinforced with the
waste Electric Arc Furnace Dust - EAFD manufactured by the Spark Plasma
Sintering technique;

c) Realize the microstructural characterization (Scanning Electron Microscopy with
Field Emission (SEM-FEG)) of the materials manufactured by SPS, to obtain the
diagrams of the sintering process and the evolution of the grain size as a function

of densification;
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d) Study of the SPS sintering mechanisms and determine the creep parameters of the
materials produced by SPS, using the methodology developed at CIRIMAT-
France (MANIERE et al., 2016a; MARTINS et al., 2017). This procedure will be
done initially with the base material (aluminum alloy AA7075 without any
addition of residue) and then with the composites;

e) Compare the results of finite element simulations with experimental densification

tests to validate the predictive model.
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2 LITERATURE REVIEW

This chapter is dedicated to the literature review of the manuscript. Section 2.1
presents the Spark Plasma Sintering (SPS) technique, section 2.2 presents aspects of the
modeling of the SPS technique by the finite element method (FEM), section 2.3 deals with the
electric arc furnace dust (EAFD) residue, section 2.4 deals with the aluminum alloy used as
base material for the fabrication of AA7075/EAFD composites and, finally, section 2.5 is

about crystallite size and micro-strain determination.

2.1 SPARK PLASMA SINTERING (SPS)

The increasing demands on the properties of structural materials as multifunctional
materials lead to stringent demands on the control of microstructure and multiscale
architecture. When the characteristic dimensions are sub-micronic or nanometric, it is no
longer possible to use conventional melting/solidification technologies (for metals) and
natural sintering technologies (for ceramics), since these techniques involve high temperatures
or very long production times that cause excessive grain growth of the materials.

This has led to the development of unconventional sintering techniques, including
spark plasma sintering (SPS), which has had a very important global development in the last
twenty years, after being used mainly in Japan (GRASSO; SAKKA; MAIZZA, 2009;
GUILLON et al., 2014; MUNIR; QUACH; OHYANAGI, 2011; ORRU et al., 2009). Spark
plasma sintering is a high-speed powder consolidation/sintering technology, capable of
processing all types of conductive and non-conductive materials (metals and alloys, ceramics,
polymers, and composites). This technology allows to obtain pieces with personalized shapes,
from the simplest to the most complex. In addition, this technique offers a potential for the
development of multimaterials with the possibility of reactive sintering in situ. The main
difference between SPS and other pressing assisted sintering techniques lies in the fact that
there is no furnace in the SPS technique. An electric current applied through electrodes flows
through the pressure cell and, eventually, through the sample, according to its electrical
conductivity (ANSELMI-TAMBURINI et al., 2005). The cell thus acts as a heat source,
which allows high heating rates (up to 1000 °C/min) to be achieved and ensures good heat
transfer to the sample. In addition, the low inertia of the system allows for a rapid decrease in

temperatures at which the diffusion processes are insignificant.



22

Fundamentally, it is difficult to separate the intrinsic effects of the current from its
thermal effect (Joule effect), as temperature and current are not independent parameters.
Studies have been conducted on the specific effects and mechanisms that can cause this mode
of heating. The main researchers of the SPS technique are based on hypotheses and propose
conclusions that are sometimes fundamentally opposite about the phenomena involved in SPS
(HULBERT et al., 2008; LANGER; HOFFMANN; GUILLON, 2009; AMAN; GARNIER;
DJURADO, 2011; SANTANACH et al., 2011; MARDER et al., 2014a, 2014b, 2015).

The choice of the SPS technique for the consolidation of the samples in the present
work is justified by its great potential to produce parts very close to the size and the final
shape in a single step (it can be considered a near-net-shape manufacturing technology),
requiring a minimum number of finishing processes, such as machining, and also for avoiding
waste (ARNAUD et al., 2015; MANIERE et al., 2016b, 2017b); its wide application
spectrum, which can be applied to the consolidation of all types of materials; ability to
produce parts with controlled microstructure; efficient production with low energy
consumption, when compared to traditional techniques; potential application of this process in
industries, among others.

The context of the appearance and some important aspects about the SPS technique
are presented in more detail in the following subsections.

2.1.1 Appearance and Development of SPS

The great interest of the powder metallurgy industry and of academy materials
researchers in the SPS technique began about two decades ago, both for product
manufacturing and for the research of advanced materials and development. Due to its great
advantages over other sintering techniques, it has been used for the processing of
nanostructured materials, amorphous materials, intermetallic components, metallic matrix and
ceramic matrix composites, highly refractory metals and ceramics, functionally graded
material (FGM), new materials wear-resistant, thermoelectric semiconductors, biomaterials,
etc., which are largely difficult to sinter by common methods (TOKITA, 2013; ZHANG et
al., 2014).

According to Tokita (2013), a similar technique to SPS was first studied in Germany
around 1910, which was a technique applied by electrical energization to consolidate a porous
material. However, the first patent for a resistive sintering method was applied for in the

United States by G.F. Taylor, who had the idea of applying an electric current during the hot
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pressing of cemented carbides. (TAYLOR, 1933). Then, in 1944, also in the United States,
Cremer patented a sintering method by Joule effect to consolidate copper, brass or aluminum
powder materials in a spot-welding machine (CREMER, 1944). These techniques developed
by Taylor (1933) and Cremer (1944) are considered the origin of a hot pressing (HP)
technique, which commonly applies a high frequency induction heating method (TOKITA,
2013).

In 1966, Inoue filed a patent for a sintering apparatus activated / assisted by electric
current, which had a mechanism for simultaneous application of an electric current and a
mechanical pressure of about 10 MPa (INOUE, 1966a) and also the patent for the electric
discharge sintering technique (INOUE, 1966b). According to Grasso, Sakka e Maizza (2009),
Inoue was the pioneer of the method of sintering by pulsed electric current and considered the
method of applying pressure and current waveforms.

In the 1980s, with the expiration of Inoue's patents (INOUE, 1966a, 1966b), several
companies started to produce machines based on Inoue's inventions. Tokita (2015) states that
the SPS method in modern form was developed by Sumitomo Coal Mining Co, Ltd. in 1989,
constituting a new phase in powder technology, thanks to the improvement of hardware and
software combined with the simultaneous application of high pulsed current and mechanical
pressure. Inoue patented the first SPS machine to be commercialized worldwide in 1991,
working for Sumitomo Coal Mining Co, Ltd. (GRASSO; SAKKA; MAIZZA, 2009).

2.1.2 Basic configuration of a typical SPS system

The basic configuration of a typical SPS system is shown schematically in Figure 1.
The SPS system has a vertical uniaxial pressure device (Z-axis), where the water-cooled
punches also serve as electrodes; a water-cooled reaction chamber, which can be evacuated; a
pulsed direct current (DC) generator; units for control and measurement of the position on the
Z-axis, temperature and pressure applied; parameter display unit and various safety devices.
In an SPS experiment, an amount of powder mass is introduced into a die. The die can be
built from several materials, such as carbon, tungsten carbide, refractory alloys, amoung
others. (HUNGRIA; GALY; CASTRO, 2009; TOKITA, 2013).
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Figure 1 — SPS basic configuration of a typical SPS system
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Source: Adapted from Tokita (2015).

Furthermore, it is worth mentioning that modern SPS devices include sophisticated
control systems with feedback or programmed thermal cycles. These systems adjust the
process parameters simultaneously and in real time. Automatic SPS machines allow
simultaneous temperature control at various locations on the device. Limits for temperature
changes are notified using an alert system (GRASSO; SAKKA; MAIZZA, 2009).

2.1.3 Advantage over Conventional Sintering

There are many advantages to using the SPS technique, this technology has some
characteristics that offer wide possibilities for the development of new materials. Among the
advantages of using SPS, compared to conventional sintering technologies, the following can
be highlighted: Rapid sintering (heating rate up to 2000 °C/min); short consolidation times (in
most cases 0-10 min); low sintering temperatures (200-300° C lower than most conventional
sintering techniques, allowing the sintering of amorphous materials and magnetic materials
below Curie temperature); low energy consumption, between 1/5 and 1/3, compared to
conventional sintering techniques, such as sintering without pressure, hot pressing and hot
isostatic pressing; reliable control of parameters of the sintering process and, as a result,
control of the microstructure of the material; possibility of combining sintering methods, such

as SPS — HP, SPS in a magnetic field, SPS — SHF (microwave), etc.; generation of
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temperature gradients during sintering, enabling the sintering of functionally graded material;
among many other advantages (TOKITA, 2013, 2015; ZHANG et al., 2014).

2.1.4 Industrial applications

As mentioned before, SPS is considered a near-net shape technique, because it is able
to produce parts very close to the final shape. This technique has been shown to be capable of
manufacturing materials that would be difficult or even impossible to obtain through
conventional manufacturing techniques.

Voisin, Monhoux and Couret showed that it is possible to produce titanium-
aluminum jet engine turbine blades via SPS in one cycle, without any post-process thermal
treatments. The blade obtained is shown in the Figure 2, in this work the finite element
method was also applied to help optimize the results(VOISIN; MONCHOUX; COURET,
2019).

Figure 2 — Titanium-aluminum jet engine turbine blade produced via SPS.
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Source: Voisin; Monchoux; Couret (2019).

Today there are companies such as NORIMAT (NORIMAT, 2022) and
SINTERMAT (SINTERMAT, 2022) that use the SPS technique to produce high value-added
parts. According to information provided by these companies, through SPS it is possible to
densify ultra-high strength ceramic materials (such as alumina, zirconia, composites, spinels)
without changing the pigments used, and it is possible to produce ceramics with
unprecedented colors: red, orange, pink or purple. By SPS, it is feasible to create high-
performance components for use in the aerospace industry, enabling the creation of nearly
net-shaped components in less than an hour of heat treatment. Numerous metals and alloys,

including superalloys and intermetallics (TiAl), can be processed using this method. It is also



26

possible to produce military grade materials for ballistic applications (SiC, B4C, ZrB2) and
production of high-performance cutting tools (thanks to spark plasma sintering, the
production of tungsten carbide cutting inserts is improved).

Figure 3 shows some parts manufactured by SPS from NORIMAT.

Figure 3 — Applications of SPS in Industry
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Source: Norimat (2022)

2.2 SPS MODELING BY THE FINITE ELEMENT METHOD

SPS allows high rates of consolidation and densification with negligible grain
growth. However, despite many years of work and research on the subject by many
researchers in the field of materials, many questions still remain unclear regarding both the
mechanisms involved and the electrical and thermal behavior of the tools during the SPS
cycles (PAVIA et al., 2013; TOKITA, 2013). For this reason, it is important that theoretical
and numerical analyzes are conducted in relation to the technique, in order to obtain
approximate models capable of predicting some parameters at the end of the process such as:
density, inhomogeneity, grain size, among others.

Numerical approaches using the Finite Element Method (FEM) have shown to be
quite promising and reliable in several engineering areas to assess the behavior of materials or
structures. FEM allows to implement complex models and perform simulations of the various
phenomena involved, making it a more economical and faster method than experimental
methods. Thus, the use of numerical simulation using the Finite Element Method (FEM)
allows to answer some of these questions (VANMEENSEL et al., 2005; ZAVALIANGOS et
al., 2004).

The finite element method is also widely used to develop predictive models, in order

to assess the properties of the sample and the final state of densification of the material (such



27

as ceramics, metals and polymers) with very good approximation. The number of articles
published on the simulation of SPS processes has increased dramatically since the 2000s, so
as the development of Finite Element Modeling (FEM) softwares (MANIERE et al., 2016d,
2016c¢).

For the study of SPS technology, it became necessary to develop efficient numerical
models capable of representing and simulating coupled multiphysical phenomena, involving
the thermal, mechanics and chemistry of materials. One of the most promising commercial
software for dealing with coupled problems is COMSOL Multiphysics®. This software is a
particularly suitable tool for the development of such simulations, as it allows, through the use
of specific modules (each of these modules integrating specific equations), the
implementation and simulation of coupled multiphysical phenomena (COMSOL, 2018).

During the SPS process, the heating is generated by the Joule effect, which is
generated by the passage of electrical current through a conductive material. At the interfaces
of the parts in contact, as there is a discontinuity, it is important to consider the electrical and
thermal losses in these regions in numerical modeling, in order to obtain more realistic
models. Some important works in this line were also developed by CIRIMAT researchers
(MANIERE et al., 2016d, 2017a) and will serve as a basis for determining the thermal and
electrical contact resistances in this work.

Finite Element modeling of SPS is very important and promising to optimize the
sintering process, reduce the number of experiments and can also be used as a predictive tool.
In the following sections, some works dealing with the use of FEM for numerical modeling of

SPS are presented, from simple approaches to more complex approaches.

2.2.1 Electro-Thermal Modeling

This subsection presents the equations and the boundary conditions for performing
the electro-thermal modeling of the SPS process.

2.2.1.1 Equations of the Electro-Thermal Model
The heating generated in the SPS process is due to an electrothermal phenomenon

called the Joule effect, which is caused by the passage of current through a conductive

material. The laws that describe the phenomenon must take into account the conservation of
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electrical and thermal energy. Thus, in the simulation the current conservation eq. (1) and the
heat eq. (2) are used.

-

V- J=V-(6E)=V (—aVU) =0 (1)

o = aT e
V- (=AVT) +pCyer =] -E (2)

Where: ] is the current density, Ethe electric field, U the electric potential, o the electrical

conductivity, C, the heat capacity, 4 the thermal conductivity and T the temperature.

2.2.1.2 Boundary Conditions (Simplest Case)

Due to the axial symmetry of the SPS apparatus and the reduction in computational
time, 2D axisymmetric geometries (Figure 4) are generally used to simulate the sintering
process. In the simplest models, the electrical and thermal contact resistances at the interfaces
of the parts are neglected, which does not correspond to reality. This simplification can only
be done in cases where the compaction pressure is high, above 50 MPa (ANSELMI-
TAMBURINI et al., 2005). The importance of considering contact resistances will be

discussed in the next section.

Figure 4 — Simplified boundary conditions
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The electrical boundary conditions are generally imposed by applying a voltage or an
electric current to the top of the tool and the outer faces are considered electrically insulated
(Figure 4). The thermal boundary conditions are conducto-convective heat flux (eg. (3)) in the
areas in contact with the water-cooling circuit (condition represented by the blue lines),
radiative heat flux (eq. (4)) on the outer vertical surfaces (condition represented by the yellow
lines), and thermal insulation on the other horizontal surfaces. On the external vertical
surfaces, convective heat flux is generally neglected, because the SPS chamber in most cases

works in a vacuum.

¢c = he(T; — Ty) ©

b = Use(Te4 - T;) 4)

In the eq. (3), ¢, represents the conductive heat flux; h., the convective coefficient;
T;, the surface temperature and T,,, the water-cooling circuit temperature. In the eq. (4), ¢, is
the radiative heat flux; o,, The Stefan-Boltzmann constant; ¢ , the emissivity; T,, the emission

surface temperature; T,, the chamber temperature.

2.2.1.3 Boundary Conditions (With Contact Resistances)

In order to obtain a more realistic temperature distribution in the simulation
throughout the SPS apparatus and in the sample (conductive or insulating), it is important that
the electrical and thermal contact resistances (condition represented by the red lines in the
Figure 5) are taken into account, especially the vertical contact resistances. In the outer
horizontal areas, black lines in the Figure 5, the Comsol Multiphysics defaut boundary
conditions (electrical and thermal insulation) are maintained.

Contact resistances are important to explain the sudden drops in temperature from
one part to the other in the interfacial region (thermal gaps), which is verified experimentally
with infrared thermal images (MANIERE et al., 2016d). In addition, it serves to more
accurately simulate the passage of current through the SPS column, making the current lines
according to the experiment (ANSELMI-TAMBURINI et al., 2005; PAVIA et al., 2013).

Figure 5 below shows where the boundary conditions of the contact resistances are applied.
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Figure 5 — Boundary conditions (considering contact resistances)
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When two parts are in contact, due to the roughness of the parts (irregularities in the
geometry) and surface deposits, the thermal and electrical contact is not perfect, that is, the
electrical potential and the temperature are discontinuous functions in the imperfect

interfaces. Figure 6 illustrates this phenomenon schematically.

Figure 6 — Contact areas
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Figure 6 represents the temperature drops, AT, or voltage, AV, in an imperfect
interface with apparent contact area Sa, due to the thermal or electrical contact resistances. In
addition, g, and g, are the heat flows in regions 1 and 2, respectively. It is important to point
out that, due to the thermal contact resistance, Joule heating occurs, ¢.., at the contact
interfaces when there is an electric current flow (ZAVALIANGOS et al., 2004).

It is important to point out that, due to the thermal contact resistance, Joule heating
occurs, at the contact interfaces when there is an electric current passing through.

The current density (through the electrical contact), /., and the heat flux (through the
thermal contact), g., in the interface area between the parts, obeys eq. (5) and eq. (6),

respectively:

Je =0:(Vy = Vy) (5)

Gc = hey(Ty — T) (6)

where: o, (271m™2) and h.,.(W/m?K) are the contact electrical conductivity and convective
coefficient, respectively. V and T are, respectively, the electrical potential and the temperature

on each side of the contact interface.

2.2.1.4 Determination of Contact Resistances

As previously mentioned, the heating in the SPS is due to the Joule effect, due to the
current flow through the SPS tooling and, in the sample, if it is an electrically conductive
material. If the sample is not conductive, it will heat by thermal conduction, as it is in contact
with a graphite mold and punches, which are conductive and heat up by the electrothermal
effect.

Electrothermal modeling is important to know the temperature distribution
throughout the sample, to allow better control and helps in the process of optimizing the
temperature distribution in the sample, which can be either nearly constant, if the intention is
to obtain a homogeneous sample, or to apply a gradient, if the intention is to create a
functionally graded material sample.

Researchers from the University of Toulouse and CIRIMAT, France (MANIERE et
al., 2016d), developed a relatively simple methodology for determining the electrical and

thermal contact resistances of SPS tooling, both for conductive and non-conductive samples.
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The main advantage of this innovative methodology is that it allows to determine the set of
contact resistances over the entire SPS column in a single test.

In the referred work, the authors performed SPS experiments using an open mold to
reveal the distribution of internal temperature and highlight the effects of the predominant
electrical and thermal contacts. They performed this procedure with dense samples, to avoid
sintering and allow the construction of a finite element model that faithfully reproduces the

experimental results. Figure 7 below shows the thermal infrared image of these experiments.

Figure 7 — Infrared thermal images of open mold containing sample of: (a) alumina (b) copper
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Source: Maniére et al (2016d).

It is important to note in Figure 7 that when the sample is an insulating material
(Figure 7a) the temperature of the graphite mold is higher than in the punch (also graphite),
because the current is deflected by the mold (it does not pass through the sample). In the case
of the conductive sample (Figure 7b), it is noticed that the temperature along the punches is
higher than in the mold, because, in this case, the current tends to flow directly from the
punch towards the copper sample (heating it directly by Joule effect). It is possible to notice
that hot spots appear next to the non-conductive sample, indicating a strong contact resistance
between sample and mold. These experiments were conducted on the SPS machine of the
“Plateforme Nationale CNRS de Frittage Flash” located at the University of Toulouse I11-Paul
Sabatier (Dr. Sinter 2080, SPS Syntex Inc., Japan), the sample was heated from room
temperature (20 °C) up to 1000 °C, with a heating rate of 100 K/min. The applied pressure
was 100 MPa. Figure 8 shows the tool geometry of the SPS machine used and the contact

regions studied in that work.
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Figure 8 — SPS tooling and its contact regions
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As described in the article (MANIERE et al., 2016d), the calibration process is
initiated by determining the horizontal contact resistances, specifically the contact resistance
generated in the contact of the sample with the graphite punches, for different applied
pressures. Initially, the current passing through the column without any sample is measured,
lo, then the configuration is modified, inserting a graphite sample between two graphite sheets
(Papyex) and the current measurement is redone, obtaining a different current due to contacts,
Ic. The contact resistance can be obtained by the difference in the current that passes through
the column, maintaining the difference in electrical potential of the first case (MANIERE et
al., 2015).

Figure 9 shows in a schematic way this process of determining horizontal contact

electrical resistances.
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Figure 9 — Determination of horizontal contact resistances
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Ohm's law (eq. (7)) states that the potential difference, V, is expressed as the product

of the current, I, by the electrical resistance, R:
V=1IR (7)
If, during the process, the electrical potential is kept constant:

V =1Ry =1LR, = I;(Ry + R.) (8)

Here the indexes 0 and 1 refer to the values before and after the addition of the
contact resistance Rc¢ (eq.(9)), respectively. Contact resistance can be achieved simply by:

|4 VoV (1 1) ©)

R =——Ri=———= -
S PR LI

For the determination of other horizontal contacts and vertical contacts, the authors
use a reverse analysis where the graphite-Papyex-Graphite contact phenomena are studied
experimentally and modeled by finite element calculations. The determination of
experimental temperatures is done by placing thermocouples in specific regions of the SPS

column.
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Figure 10 shows the boundary conditions used in the modeling and the values of the
contact resistances obtained in the calibration process.

Figure 10 — Boundary conditions used in modeling
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Figure 11 shows the temperature profiles obtained through numerical simulation at
the end of the calibration steps (Figure 11a) and the experimental temperature profile obtained

by infrared thermography (Figure 11b).

Figure 11 — Comparison between temperature profiles: a) modeling and b) experimental
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Source: Maniére et al. (2016d).
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Figure 12 compares the experimental heating curve, obtained by using
thermocouples placed on the mold surface (blue circles) and on the Papyex (green squares),

with those obtained in the numerical simulation (blue and green lines).

Figure 12 — Experimental heating curve obtained by modeling compared to the experiment
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Source: Maniere et al. (2016d).

The results presented in Figure 11 and Figure 12 show how efficient this
methodology is, as it is noted that the simulations performed reproduce the experimental
results very well.

Another approach taken by the same research group gave rise to a more general
result, which is able to provide the values of the thermal and electrical contact resistances of
the SPS device as a function of the geometric parameters of the “punch, mold and sample”
system, taking into account the effect of the scale. These measurements were conducted under
various conditions of temperature and pressure (MANIERE et al., 2017a). The main results

obtained are presented in Table 1.

Table 1 — Thermal and electrical contact resistances as a function of the temperature and geometry of the SPS

device
ECR spacer/punch (£2 m?) 5%10°° ((2;)?:)60?
TCR spacer/punch (m? K/W) 55x10°+3%107° %
TCR punch/sample (m? K/W) 2.5%10° +1.5%107° (%??%6?
TCR sample/die (m? K/W) 8x10°+4x10°° (2(2[1%6?
vex (punch/die) (€2 m) (1.7 «1072 95107 « T) «F,
o1 (punch/die) (Km/W) (80 + 50 (2(2[1085:) ) * Fr

Source: Maniere et al. (2017a).
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In Table 1, Fr and F. factors depend on the diameter of the punch ®:
F = 311102 and F, = 4.50.10 %> —3.67-10".

For the ease of implementation, we will use the results obtained in this last work

cited to determine the electrical and thermal contact resistances in this thesis.
2.2.1.5 Proportional-Integral-Derivative (P1D) Controller

The PID controller is the most widely used feedback algorithm in control systems in
the industry (in process control, it is estimated that more than 95% of the control loops are of
the PID type). Feedback can reduce the effects of disturbances, can make the system
insensitive to variations in the process, and can cause a system to faithfully follow its input
signals (ASTROM; HAGGLUND, 2009). This type of algorithm can also be applied to finite
element computational models and has been widely used for temperature control in SPS
modeling (I\/IUNOZ; ANSELMI-TAMBURINI, 2010; PAVIA et al., 2013; MANIERE et al.,
2016¢c; SCHWERTZ et al., 2016).

As the name suggests, the PID controller involves three constant parameters (called a
three-term control): the proportional P; the integral | and the derivative D. The integral action
allows the PID controller to be able to eliminate errors in steady state, the derivative action
allows to predict future errors (ASTROM; HAGGLUND, 2009).

Defining u(t) as the output signal (which may be voltage V(t), current i( t), current

density J(t)), the PID controller algorithm is described by eq. (10) below:

t de(t)
u(t) = Kye(t) + KiJ e(t) dt + Ky —
0

(10)

Where K, K; and K, are constant denominated, respectively, proportional gain,
integral gain and derivative gain, these constants must be determined for each process; t is
time and e is the control error, which is the difference between the reference (or desired)
value and the measured value of the process variable (provided by a sensor).

In finite element simulations regarding SPS, the process variable is temperature T (t).
Therefore, the control error e(t) (eq. (11)) will be the difference between the setpoint

temperature T, and the process temperature T, that is,



e(t) = AT(t) = Tsp(t) — T(2)

38

(11)

For the implementation of the PID algorithm in COMSOL Multiphysics®, the point

that will be used for temperature control must be established (as seen in Figure 13). For

calculating the integral fote(r) dt, the module Mathematics\Global ODEs and DAEs is used,

which uses the following eq. (12):

with the initial conditions: F(0) =0 e

at

Figure 13 — Temperature point probe
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Therefore, due to the fact that the PID controller is widely used in SPS modeling for

temperature control, for its proven effectiveness and for the considerable simplicity of

application, its algorithm will be used in the models presented in this work.

2.2.2 SPS Electro-Thermo-Mechanical Modeling

The application of mechanics in the modeling of SPS by finite elements requires the

use of an adequate constitutive model, which is able to correctly describe the dependence of

the mechanical properties of the material as a function of porosity. In this sense, one of the

most used models to describe the densification of porous materials by SPS is the Olevsky
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model (OLEVSKY, 1998; OLEVSKY et al., 2012; OLEVSKY; TIKARE; GARINO, 2006;
OLEVSKY; FROYEN, 2006), Cam-Clay model (SCHWERTZ et al.,, 2016; VERMA;
MAHESH; ANWAR, 2012) and Norton-Green model, which is also called the Abouaf model
(ABOUAF et al., 1988). In the present work, only the Olevsky model will be used, its
mathematical description will be presented below.

2.2.2.1 Olevsky constitutive model

As mentioned earlier, Olevsky model (OLEVSKY, 1998; OLEVSKY et al., 2005;
OLEVSKY; KANDUKURI; FROYEN, 2007; OLEVSKY; TIKARE; GARINO, 2006;
OLEVSKY; FROYEN, 2006) is one of the most used constitutive models in computational
modeling, via finite elements, of the sintering kinetics of powder materials by spark plasma
sintering. The reason for its wide use is the ability to predict, with good approximation, the
final state of the microstructure of the consolidated material, including the prediction of
porosity and final density, average grain size and even possible phase transitions. This model
is based on concepts of the continuum theory and can encompass the dominant phenomena in
SPS, such as: surface energy of the grain, electro-migration and loading effect.

According to Olevsky (1998), the development of a model linked to the mechanics of
the continuum, based on the theories of plastic and viscous nonlinear deformation of pore
bodies, for the analysis of the compaction of this type of material, arose from the need for the
incorporation of macroscopic factors such as external forces applied, kinematic restrictions
and heterogeneities in the properties in the sample under investigation. Also according to him,
the original theoretical concepts, based on ideas of the discrete nature of particulate media,
did not sufficiently address these questions mentioned above, which hindered their use.

As Olevsky et al. (2005) describes, eq. (13) presents the nonlinear viscous

constitutive relationship between the external stresses applied (o;; corresponding to the

components of the stress tensor) with the components of the strain rate tensor &;;.
aW)r . 1,

Where a(W) is the effective stress, w is the equivalent strain rate, ¢ is the
normalized viscous shear modulus, i is the normalized viscous bulk modulus, é volume

change rate, &;is the Kronecker Delta (6;; = 1 if i = j or §;; = 0if i # j) and P, the effective
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sintering stress. ¢, ¥ and P, can be written in terms of porosity, 8, respectively, as eq. (14),
eg. (15) and eq. (16).

¢ =(1-6)° (14)

2 (1-0)3
=3 (15)
PL:PLO(]-_H)Z;PLOZZ;},_: (16)

Physically, é represents the volume change rate of a porous body. Porosity 8 is
defined as the volumetric fraction of voids in a porous body.
Olevsky sintering model is based on the power-law creep (eq. (17)) defined for a

viscous material, as follows:
a(W) = Kwm (17)

where W is the equivalent strain rate, o(W) is the equivalent stress, K is the
consistency factor and m is a constant.

The equivalent strain rate W is dependent on the invariants of the strain rate tensor,
defined by:

1

VT v (18)

W =

wheree and ; are the volume change rate (eq. (19)) and the shape change rate (eg.
(20)), respectively.

e=é +é, +E, (19)

2 2
V= j 2(62, + é2, + €2,) + 3 (2 +¢e2+¢62)— 3 (&xéy + €xé, + E)&;) (20)

The stress tensor ¢ is then defined by the eq.(21):

o= zﬂ ((pé‘ + (¢ _ % (p) tr(é)l) 1)

eq
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The evolution of porosity is linked to the volume change rate by the equation of mass

conservation, eq.(22):

m:éx+€.y+éz (22)

Specifically for the form of pressure application in SPS (uniaxial pressure in the x
direction), we have &, = £, = 0.

Thus, the continuity (eq.(22)) becomes:

6 =(1-6)() (23)

According to Olevsky and Froyen (2006), the total compression rate &, is expressed

by:

; 04Dy O A e, U 3a G+r
kT (GH+r) | Q I r
1

(24)
39 3
POV 3% 1_gy -5, | /a0y
2 2G
where A is the frequency factor of the power law, which satisfies the eq. (25):
ch
25
A= Ayexp (RT) (25)
and r_ is the radius of the pore that depends on the grain size and porosity.
3 0

— 26
=6 e -0 29)

Replacing eq. (25) and eq. (26) in eq. (24), the relationship to densification kinetics

can be obtained:

0= —(1-0)] 220 Q Z'e U 3a 1 EN G+G3lo/[6(1-6)]
B KT G+ciof6(1-0)))’| @ | G|cgof6a-0)] 6| G’

{2/ [-or—o ) men{ oo |

(27)
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The terms of the eq. (27) and their respective numerical values for aluminum are

presented in the Table 2.

Table 2 — Properties of aluminum

Term Value Unit
Effective charge Zeq 8e-19 [C]
Atomic volume Q 1.66e-29 [m3]
Surface tension a 1.12 [9/m?]
Activation energy for ng 60 [kJ/mol]
grain-boundary
diffusion
Grain boundary [5gb ng] 3.00e-14
diffusion frequency 0 [m3/s]
factor [ 34Dy [5gb Dy, |, exp(—Qy, /RT)
Activation energy for Q 1.2e2 [kd/mol]
power-law creep “
Power-law creep Ao 566 [MPa/s™]
frequency factor
Power-law creep M 2.27e-1
exponent
Grain Size G 40 [um]
Applied field ul/l 500 [Vim]
External 7, 235 [MPa]

stress in the x-direction

Source: Olevsky and Froyen (2006)

Eq.(27) was resolved numerically by Olevsky e Froyen (2006) applying the Fourth

Order Runge-Kutta method. The results obtained by them are presented in the Figure 14.

Figure 14 — Sintering kinetics
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The results obtained by Olevsky and Froyen (2006) are satisfactorily close to the
experimental data to which they referred, as can be seen in the Figure 14.

2.2.2.2 Abouaf constitutive model

In 1988, Abouaf extended the theory of plasticity to porous solids for hot
deformation and within a more general thermodynamic structure, including finite
deformations, for application in finite element sintering simulation using the hot isostatic
pressing technique - HIP (ABOUAF et al., 1988). This model can encompass the dominant
phenomena in SPS sintering, such as: grain surface energy, electro-migration and charging
effect. Researchers at the University of Toulouse, France, have developed simple
methodologies based on the Abouaf model to identify creep parameters (MANIERE et al.,
2016a, 2018; MARTINS et al., 2017).

As in the Olevsky model, the Abouaf model is based on the power-law creep for

viscoplastic materials or Norton-Hoff's law, where the equivalent strain rate (£,,) can be

written as follows (eg. (28)):

€oq = ATY, (28)

where O¢qand A are, respectively, the equivalent stress (eq.(29)) and frequency factor of

the power-law creep (eg.(30)). These parameters are expressed by the following relationships:

Oeq = /3C]2 + fI? (29)

A=Ayexp (— %) (30)

In these equations, J, is the second principal invariant of the stress deviator tensor,

I = %s: s = ||dev(a)||; 1, is the first invariant of the Cauchy stress tensor, I; = oy; = tr(o);

c and f are functions that depend on the relative density p. In addition, A,the power-law creep
frequency factor, n a constant, Q the power law creep activation energy, R gas constant and T

absolute temperature (K).
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The strain-rate tensor &, according to the Norton-Green model, is expressed by eq.
(31):

3
&= Aol (E cs + f111> (31)

Where I is the identity tensor.
Eq. (31) can also be written in the form of eq. (32):

Ex &y Exz

3 Sx  Sxy  Sxz 100
Eyx & &y | ==Aolilc|Syx Sy Syz[+Ael7UfL [0 1 0 (32)
. . . 2 Sy Sy S, 0 0 1
E2x  Ezy &z y
Being:
&=Aoy’ (g cs, + fl J by =&y =RAoy’ G chZ] £p=&y = Aae”q‘l(g csyz]
(33)
=, = Aol G csxyj £ = Aoe”ql(gcsy + fllj £, = Ac;e”ql(gcsZ + fllj

In his thesis work, Maniere (2015) uses these equations to build the mechanical
model of SPS, in the present work these equations will be adapted to the Olevsky model, as
will be explained below. The mass conservation equation (continuity) (eq. (34)) allows to
assign the evolution of density according to the volume change rate, tr(¢).

) 3éeqf1
P r(e) = - el 34
p Oeq
In this model, the stress tensor o is expressed by eg. (35).
—G“’q(z'+<1 2>t(')1) 35
7 e 3¢ T \of Toc) T (35)

In SPS, as the external loading is only in the axial direction, we can consider the
stress tensor a (eg. (36)) as:
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0 0 O

o= (O 0 O ) (36)
0 0 o,

We have I; =g, and J, = gazz. Therefore, the equivalent stress o,, can be rewritten

as follows (eq. (37)):

1
Ocq = \/305022 + fo,2 = |o,l\Jc+ f (37)

To determine ¢ and f, it is enough to know the experimental relationship between the

strain rate as a function of the external stress applied and use the following system of

&,] \i+d
ct/= (AIGZI">
< 2n (38)

1-n\ n+1
1/n s |—-1/n Ay
= [ oatma,lig, 1 (3)

equations (eg. (38)).
.

S

_.|_

=

A and n, called Norton parameters, can be identified using compressive creep tests

through the following linear regression (eg. (39)).

In(é.q) = In(A) + nin(oeq) (39)

2.2.2.3 ldentification of Creep Parameters by Olevsky model

To identify creep parameters using the Olevsky model, researchers from the
University of Toulouse developed a simplified methodology using material densification
curve data and linear regression (MANIERE et al., 2016¢, 2016b, 2018; MARTINS et al.,
2017).

When thermal kinetics is fast and applied pressure is high, the effective sintering
stress, Py, expressed by the eq. (16), can be ignored, because specifically in this case, creep is
predominant. In this way, the eq. (24), strain rate, considering the pressure applied in the z

direction and a constant heating rate, can be expressed by eg.(40):
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v
. {Un -A"o,
€]

il

2 e (40)
(1// +§(p) (1—6’) 2n

where: 4 = is the modified Arrhenius law.

(40 exp(57))

Eq. (40) can be linearized by applying the natural logarithm on the left and right side,
thus it becomes eq. (41).

o] (M) =— Q
LT In(T) =~ In(A) + == 1)

2 \an 2n . wn
(V/+3¢’) (1-0) |£Z|1/

nin

Except for constant n, which can be obtained qualitatively, as will be demonstrated
below, all parameters on the left side of the eq. (41) can be obtained using the data provided
by the SPS machine. From the sample compaction data, it is possible to obtain the porosity
curve 6 and strain rate €, depending on time, the other parameters, axial pressure o, and
temperature T, are supplied directly by the SPS machine software.

Eq. (41) has the format: Y = a + bX, where: X = 1/T; 8 is porosity; o,, the applied
pressure; &,, the strain rate; ¢ and iare porosity-dependent parameters, denominated,
respectively, shear modulus and bulk modulus, expressed respectively by eq. (14) and eq.

(15). To obtain Agand Q, the following relationships are used: A, = exp( — a) and Q = bR.

In his article on the determination of sintering parameters of a-alumina, Maniére et
al. (2016b) obtained the densification curve of this material as a function of the time (Figure
15a) and applied this data to the eq. (41), assigning values to n between 1 and 3, with a step of
0.5, to get linear regression (Figure 15b), thus, a pair of parameters Ao and Q was obtained for

each n. The n is then qualitatively identified by the differential equation solution (eg. (49)).

Cames(- 2o
0=(1-0) o , (42)

(1// +§¢j2 (1—9)n;l

with the initial condition: 8(0) = 8, (initial porosity).
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The data obtained by the model were compared with the experimental data (Figure
15¢), thus, the n considered is that of the curve that best fits the experimental points. In this
case, specifically, it is quite clear that the value of n that best suits the experimental data is
equal to 1 (Figure 15(c)), thus, the n considered is that of the curve that best fits the
experimental points. In this case, specifically, it is quite clear that the value of n that best suits

the experimental data is equal to 1.

Figure 15 — Obtaining sintering parameters
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Source: Adapted from Maniére et al (2016b).

2.2.2.4 Determination of parameter n quantitatively

For some materials, such as aluminum, the determination of the n parameter
qualitatively is very complicated, due to this was developed the method of Li et al. (2012),
which allows obtaining from the densification curve of the material. This method consists of a
compaction test, which in this case is performed directly on the SPS machine, where the
temperature is kept constant and the pressure is increased with fixed steps, where each step is
maintained for a certain time and the compaction generated by each pressure level is
measured, so the method is called step-by-step.

By the method of Li et al(2012), the n parameter is determined by the eq. (43)
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In e_lgzzl‘(1—90)|é21|
n= e—|521|_(1_90)|é22|
- — ! (43)
| 2L elez -lezy | |e172)-a-00)
922 e~lez1l_(1_04)

where: 60y, €,, &, € o, are, respectively, the initial porosity, strain, strain rate and
the pressure applied (see diagram of the (Figure 16(a)).

The index i equal to 1 relates to step immediately preceding the pressure jump and
the 2, the immediately subsequent step. As long as the mass is constant, the deformation (eq.

(44)) and the strain rate (eq. (45)) are calculated according to the height of the sample.

h
el = In=2 (44)
. d h
&, == [m = (45)

Figure 16(b) presents the displacement and pressure curve as a function of the time

obtained by Maniere et al. (2018) for aluminum, this test was conducted performed at 250 °C.

Figure 16 — Compaction test for n determination
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When the pressure jump occurs in a sufficiently short period of time, it can be
considered that no significant change occurs in the microstructure in this interval. In this case,

specifically, the eq. (43) can be reduced to eq. (46).

(46)

which is the standard formula for determining exponent n of the creep-law from creep test
data (LI et al., 2012).

Maniére et al. (MANIERE et al., 2018) used this methodology to determine the
creep parameters of aluminum (from the data of the Figure 16(b) quantitatively and compared
with the values obtained qualitatively, using the concepts developed by Olevsky. By method
step-by-step (LI et al., 2012), was obtained n equal to 5.4 + 0.9. By the qualitative method
(Olevsky), an n is obtained between 4 and 5, this shows that the Li et al. method combined

with the Olevsky method is a good option for determining the value of n.

2.2.2.5 Electro-Thermo-Mechanical Boundary Conditions

To perform a computational simulation of SPS that allows predicting some important
information of the sintered part, such as final density, grain size and porosity, it is essential
that mechanical boundary conditions are applied correctly. Therefore, mechanical boundary
conditions are added to the electrothermal boundary conditions (as described in the subsection
2.2.1).

As seen previously, some parameters depend on the porosity of the material. In the
Olevsky and Abouaf model, the porosity of the material is obtained by the use of differential
equations. To solve these equations numerically, COMSOL Multiphysics has the module
"Domain ODEs and DAEs". This module can also be used if the evolution of grain size is
taken into account.

Figure 17 presents in a schematic way the electro-thermomechanical boundary
conditions. In this case, it is worth noting that the mechanical analysis only needs to be done
in the sample domain. The stresses generated in the sample and its contraction are controlled

by the module of differential equations.
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Figure 17 — Electro-thermo-mechanical boundary conditions
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As mentioned earlier, the local equilibrium equations of the Abouaf model used by
Maniére in his thesis to model the mechanical part of the SPS can be adapted to the Olevsky
model, as they are equivalent models. Comparing the eq. (35) and eq. (21), we can observe
that the parameters of Abouaf ¢ and f can be written according to the parameters of Olevsky ¢

and 1, respectively as:

2
c=—
3¢’
1 (47)
f—@'

In this way, the eq. (32) can be rewritten depending on the parameters ¢ and y, taking the
form of the eq. (48).

X ‘xy . Xz A(T enq—l X Xy Xz AO' :q—l I .

w & En|m—|Sx S, S, |t——(0 1 0 (48)
. @ Yy

gzx 7y gz Szx Szy Sz

Where:
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S
éx - AU‘:‘;1 (i + 9'_1j ‘éxz = ézx = Aaenqil [Sij té'yz = ézy = AUen(;1 (ij
2 v () 0]
(49)
. . Sy . naf S I . n_
gxy :gyx = AO':q_l (—yj gy = Ao-eql[_y+_lj g, = AO'eql(i'i‘L)
o ¢ 9y o 9y

Thus, it is possible to apply the Olevsky model to finite element modeling in

COMSOL Multiphysics, using local equilibrium eq. (49).

2.3 STEELMAKING WASTE: ELECTRIC ARC FURNACE DUST (EAFD)

One waste from the semi-integrated plants that generates great concern is the electric
arc furnace dust (EAFD). This waste consists of metal oxides, lime and silica, and has been
classified as dangerous due to the content of heavy metals such as zinc, cobalt, copper, lead or
cadmium by the Brazilian Association of Technical Standards (ABNT 10004, 2004), the
Environmental Protection Agency (EPA) in the United States of America (BAKKAR, 2014)
and the European Waste Catalog (EPA, 2002). It represents one of the biggest problems of the
electrical steel plant and cannot be disposed of in common landfills.

EAFD is generated during the melting of ferrous scrap in an electric arc furnace
(EAF) and collected by large bag filters. The EAF, designed to manufacture steel from
recycled ferrous scrap, as the main filler material, mixed with pig iron and/or direct-reduced
iron, co-produces between 15 to 25 kg of EAFD per ton of steel (ARAUJO; SCHALCH,
2014; GUEZENNEC et al., 2005).

The EAFD residue stabilization and solidification processes are simple and efficient.
Some studies on this approach (using EAFD in the manufacture of ceramic blocks of clay,
cement, concrete, etc.) have been conducted and have shown that, after this process, the
resulting materials are in accordance with environmental standards and, in some cases, had
some improved properties (HUAIWEI; XIN, 2011; LEDESMA et al., 2017; SOUZA et al.,
2010; STATHOPOQULOS et al., 2013a).

In varying weight percentages, Gamea et al. (2022) added EAFD as a filler to
unsaturated polyester (UP) resin. The outcome shown that adding EAFD particles to the UP
matrix considerably changed the mechanical characteristics by raising the tensile strength by
up to 42%. The UP/EAFD composites become harder up to 8.5% and reach their hardest point
at 10 weight percent EAFD (GAMEA et al., 2022).
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The incorporation of EAFD in metal matrix composites has also proved to be a good
alternative for recycling this waste. Adeosun et al (2012) studied the influence of the addition
of EAFD on the mechanical properties of 6063 aluminum alloy, using the sand casting
technique for the production of composites. Flores-Vélez et al (2001) used conventional
powder metallurgy techniques to produce EAFD reinforced aluminum alloy composites. In
both studies, it was demonstrated that the presence of EAFD as reinforcement in certain
amounts shows gains in mechanical strength and microhardness in relation to the aluminum
alloys used.

Alves et al (2018) investigated the influence of EAFD as reinforcement in AA7075
aluminum matrix composites by applying 5 wt. % reinforcement and comparing with
AAT7075 alloy as received. The composites were prepared by powder metallurgy (PM)
technique, compacted with a pressure of 1500 MPa and sintered at a temperature of 500 °C
for 5 hours in nitrogen atmosphere. In that work, the Vickers microhardness (HV) of the 5
wt.% EAFD-AAT075 composite was 46.4% higher than that of the unreinforced AA7075
alloy. The Young's modulus (E), in GPa, increased by about 98.5%. There was also an
increase in the stored modulus (GPa) due to the reinforcement, as presented in the following
Figure 18 (OLIVEIRA ALVES et al., 2018).

Figure 18 — Storage modulus vs. temperature from DMA.
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2.4 AA7075 ALUMINUM ALLOY

The aluminum alloy AA7075 is widely used in the aeronautical (JHA;
SREEKUMAR, 2008), maritime, automotive and defense industries due to its high ratio
between mechanical strength and weight (JHA; SREEKUMAR, 2008; KUMAR; REDDY;
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RAO, 2015). However, it is still the subject of several studies seeking to further improve its
mechanical properties (AYE et al., 2008; ISADARE et al., 2012; VEERAVALLI et al.,
2016).

More recently, several research studies performed on AA7075 have focused on the
evaluation of heat treatments on their mechanical properties, looking for a relationship
between the formation of stable phases, mainly of the MgZn. phase, with the precipitation
hardening of this material. These studies have shown that heat treatments have a strong
impact on mechanical properties. However, the treatment time is long, taking up to more than
1 day, in the case of T6 treatment, which motivates the search for more efficient
manufacturing methods (ESTRADA-RUIZ et al., 2016; HUANG et al., 1994; ISADARE et
al., 2012; MOLNAROVA et al., 2018; ZHANG et al., 2019).

2.5 CRYSTALLITE SIZE AND MICRO-STRAIN DETERMINATION

In this section, Williamson—-Hall (W-H) method for crystallite size and micro-strain
determination will be described by X-Ray Difraction — XRD (WILLIAMSON; HALL, 1953).
The XRD peak measured broadening normally consists of two parts, which are the physical
and instrumental broadening. The corrected physical broadening () can be obtained using
eq.(50):

B? = Bm — Bt (50)

where f3,, is the experimental full width at half maximum (FWHM) and B; is the instrumental
broadening obtained by Caglioti equation (CAGLIOTI; PAOLETTI; RICCI, 1958).

After subtracting the instrumental broadening, the corrected physical broadening (5)
can be considered as the sum of widths due to small crystallite sizes (8p) and lattice strains
(B:)(SURYANARAYANA; NORTON, 1998) as shown by eq. (51):

B = Bp + Be, (51)

The peak broadening due to the crystallite size fp is expressed by eq. (52)
(WILLIAMSON; HALL, 1953):
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KA
" Dcos@’

Bp (52)

where, K is a constant (K = 0.94 for small cubic crystal (MISHRA et al., 2015)), 4 is
the wavelength of the X-rays used, D is the crystallite size and @ is the Bragg angle.

Similarly, the peak width due to lattice strain S (eq.(53)) is:

Be = 4etané, (53)

From eq. (52) and eq. (53), we get

B=D§)19+4£tan9, (54)

or,

B cosO =¢e(4sinf) + %, (55)

Eqg. (55), above, is an equation of a straight line of the type y = ax + b, where the

slope a provides the value of the intrinsic strain & and the intercept b gives the average

. . KA
particle size D,so e =aand D = >

The micro-strain € and the crystallite size D obtained by XRD analyses were used to
calculate the dislocation density o, expressed by the eq. (56) (BERA et al., 2013).

(56)

where ¢ is the dislocation density and b is the magnitude of the Burgers vector equal

to a,/+/2 for an FCC Al alloy.
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3 MATERIALS AND METHODS

This chapter describes the procedures adopted for the characterization of the starting
powders: AA7075 and Electric Arc Furnace Dust (EAFD). The methodology to prepare the
mixtures to produce composites of aluminum alloy matrix AA7075 reinforced with EAFD is
presented. In addition, the procedures for the consolidation of samples by the Spark Plasma
Sintering (SPS) technique, characterization of composites and finite element simulation of the

SPS process are described. Figure 19 shows a flowchart of the general methodology used.

Figure 19 — Flowchart of the general methodology used.
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3.1 7075 ALUMINUM ALLOY (AA7075)

The AA7075 powder produced by ALCOA (ALCOA, Brazil) was selected as matrix
for the composite production. This powder has an average particle size of 30 um. The powder
was used both as-received and after ball-milling in a high-energy mill (SPEX), consisting in a
304 L stainless steel jar and SAE 52100 steel balls approximately 6.2 mm in diameter. The



56

powder was ball-milled in isopropyl alcohol for 1 h with 2 wt.% stearic acid
(CH3(CH2)16COOH). Milling was performed with a ball to powder weight ratio of 10:1
(GOKCE; FINDIK; KURT, 2011; OLIVEIRA ALVES et al., 2018). The raw and ball-milled
powders will be referred to hereafter as AA7075 and AA7075-M, respectively.

3.2 ELECTRIC ARC FURNACE DUST (EAFD)

The EAFD in its original form, supplied by the GERDAU Aco Norte plant located in
the city of Recife, State of Pernambuco, Brazil, was selected as reinforcing material. This
material was separated by sieving, with the sequence of sieves 65, 150, 200 and 270 mesh.
The part of the powder that is used in the present study correspond to the two smaller size
ranges, which are: grains that passed through the sieve of 200 mesh (particles in the range of
53-75 um) and through the 270 mesh (particles smaller than 53 pm).

The procedures for characterizing this material are described in subsection 3.5.

3.3 PREPARATION OF STARTING POWDERS

The technique of high-energy milling in a vibratory mill type SPEX was applied in
the production of starting powders.

Firstly, EAFD powders were sieved and two samples have been selected for the
study: one with the particle size lower than 53 um (noted as G1 hereafter) and the other with
the particle size between 53 um and 75 pum (noted as G2 hereafter).

Then, the G1 and G2 powders were ball-milled in liquid medium (isopropyl alcohol)
for 1 h with the AA7075 powder (the pure AA7075 sample was also ball-milled in the same
conditions, for the sake of comparison), and 2 wt.% stearic acid (C1sH3602) of the total weight
of the sample. The composite powders were prepared with 5, 10 and 15 wt.% EAFD with
either G1 or G2 (representing 3.8, 7.7, 11.7 vol.% and 4.2, 8.4, 12.7 vol.% for G1 and G2,
respectively, see part 4.2 for further details). Milling was performed with a ball to powder
ratio of 10:1.

The nomenclature of the starting powders according to their contents are presented in
Table 3. To indicate the sintered samples, an "S" was added to the end of the name of the

corresponding starting powder.
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Table 3 — Nomenclature of the starting powders according to their compositions.

Content (wt.%)
Sample Gl G2 AAT075

AAT7075 (as received) - - 100
AA7075-M (milled) - - 100
05G1 5 - 95

10G1 10 - 90

15G1 15 - 85

05G2 - 5 95

10G2 - 10 90

15G2 - 15 85

Source: The Author (2022)

3.4 SPARK PLASMA SINTERING (SPS)

The powders were consolidated by Spark Plasma Sintering — SPS (Dr Sinter SPS
632Lx, Fuji Electronic Industrial CO., Saitama, Japan) at the Plateforme Nationale CNRS de
Frittage Flash (Toulouse, France). The EAFD-AA7075 powders were loaded into a graphite
die. A sheet of graphitic paper was placed between the punch and the powder and between the
die and the powder for easy removal. Figure 20 (a) shows the front view of the SPS machine
used in this work, on the left of this image the vacuum chamber can be seen and on the right
side the process control system. Figure 20 (b) shows the internal view of the chamber, where
the SPS column is located, composed of the Inconel 600 electrodes, graphite tools, and the

sample to be sintered.

graphite tools.

Source: The Author (2022)

The SPS run was performed in vacuum (residual cell pressure < 10 Pa) using a direct

current pulse pattern of 40 ms: 7 ms (pulse on: pulse off). The temperature was controlled
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using K-thermocouple inserted into a hole (3 mm deep) drilled on the outer surface of the die.
The samples were heated with a heating rate of 100 °C/min to a temperature Tq (400, 500 or
550 °C) where a dwell time of tq (0, 5, 15 or 30 min) was applied. A uniaxial charge P
(corresponding to 25, 50 or 100 MPa in the compact) was applied at room temperature and
maintained during the heating and dwell steps. Natural cooling was applied down to room
temperature and the uniaxial load was gradually released at the same time. The Figure 21
represents one of the cycles used, with the following parameters: Tq = 550°C, tq = 15 min and
P =100 MPa.

Figure 21 — SPS cycle. The blue line represents the temperature cycle, while the orange line represents the
pressure cycle.
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Source: The Author (2022)

SPS pellets were 8 or 20 mm in diameter and 3 mm thick. The graphitic paper

remaining on the surface was removed by machining.

3.5 CHARACTERIZATION

The particle size analysis of EAFD powder (G1 and G2) was performed in liquid
dispersing medium by laser diffraction (Malvern Instruments Mastersize 2000). The density
of the powders and sintered samples was evaluated by He pycnometry (Micromeritics
AccuPyc 1T 1340) and Archimedes’method (Sartorius YDKO1), respectively. The chemical
composition of powders (G1 and G2) was determined by X-ray fluorescence (XRF)
spectrometry (Rigaku ZSX Primus Il), at room temperature.Figure 22 shows the sequence of

analyses performed on the powders.
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Figure 22 — Powders characterization

Source: The Author (2022)

The crystalline phases in the powders and sintered samples were detected and
identified using X-ray diffraction (XRD, Bruker D4 (Cu K,) in 6-26 configuration), in the
range of 10° < 26 < 100° with a step size of 0.02°, using CuK,; radiation (0.15406 nm),
having the accelerating voltage of 40 kV. The crystallite size and the micro-strain have been
estimated from the XRD patterns using the Williamson-Hall (W-H) method
(WILLIAMSON; HALL, 1953). Figure 23 presents the sequence of analyses performed on

the sintered samples.

Figure 23 — Characterization of the sintered samples

Source: The Author (2022)
In order to perform optical microscopy and scanning electron microscopy (SEM) to

reveal the microstructure of the sintered samples, it is necessary to prepare the surface of the
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samples by polishing and then performing a suitable chemical etching to reveal the grain
boundary regions. The sintered samples were prepared for microstructural analyses using the
following protocol (Figure 24). The graphitic paper remaining on the surface was removed by
machining. Initially, in the water-based gridding of the SPSed samples, AA7075 and
AAT7075-EAFD composites, 1200 and 2400 SiC discs were used sequentially, for
approximately 1 min each. Afterwards, to perform the polishing, FD1N-type black felt disks
were used for 3 min each, with the following sequence: diamond suspension of 6um, 3um,
and lpum; amorphous silica suspension of 20 nm (CERRI; EVANGELISTA, 1999). At the
end, the samples were cleaned with acetone (CsHeO) and dried with nitrogen, in order not to

create new grooves and to avoid oxidation or other chemical reactions on the surface.

Figure 24 — Sample polishing protocol
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I . | ! : !
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Sample Grit 1200 Grit 2400 Diamoqd Diamon.d Diamon‘d Amorphgus silica
suspension  suspension  suspension  Suspension
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+— Grinding ——+ +—— Polishing +

Source: The Author (2022)

To check the microstructure of the sample in order to assess information about grain
size range, porosity and distribution of the phases present, it is necessary to proceed to the
chemical attack of the surfaces. In this case a 10g NaOH + 100 ml H.O solution was used
(ZIPPERIAN, 2011) and the following immersion times were tested: 10s, 20s, 30s, 40s, 50s,
1min, 2min, and 5 min. To stop the attack, the samples were immersed in ethanol (EtOH) for
20s and then immersed in distilled water for 1 min under ultrasound cleaning. At the end, the
samples were dried with nitrogen gas. The determination of the best etching time was carried
out on 8 mm specimens that were sintered at heating rate 100°C/min, step temperature 500
°C, for 15 min, and subjected to axial pressure of 50 MPa.

After etching, optical microscopy was performed on the samples, using a Keyence
VHX-1000 3D Optical Microscope, with magnification from x20 to x5000. The average grain

size was estimated from the image by the ratio of the length of 4 randomly drawn lines to the
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amount of grain outlines that intersect them. The samples were also observed using field-
effect-gun scanning electron microscopy (FESEM, JEOL 6700F).

Vickers microhardness test was performed with a Mitutoyo Hardness Tester HM200
from CIRIMAT (Universite de Toulouse, France). The samples before being submitted to this
test were polished, in the same way as previously described for the metallography. The load
applied during the test was 0.1 kg for 10s. Vickers microhardness (HV) averages were

obtained from 10 identifications applied along the radius of the samples.
3.6 MODELLING BY THE FINITE ELEMENT METHOD

The sequence used for finite element modeling is shown in the Figure 25. The steps
represented in the boxes in green are steps prior to modeling related to obtaining data from

experimental results, in blue are the actual steps.

Figure 25 — Steps used to perform the modeling.

Obtaining the densification curve
from the effective deformation of
the sample.

Determination of the creep
parameters (A,, Q and n).

Source: The Author (2022)

3.6.1 Determining the creep parameters

For modeling the SPS by the finite element method, the first step is to obtain the
densification curve of the AA7075 sample. For the modeling, the milled AA7075 sample
(AA7075-M) was used, as it was the basis used for the fabrication of the EAFD /AA7075
composites.

The densification curve is calculated by the sample shrinkage that is provided by the

SPS machine. To obtain the effective sample shrinkage Ah, it is necessary to subtract from the
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total displacement Ah, the punch displacement caused by the thermal expansion of the tools
and the deformation generated by the applied pressure Ahy,, which is obtained from a cycle
using the fully dense sample. Thus, the effective shrinkage of the specimen Ah can be
expressed by Ah= Ahg-Ahp.

If mass is conserved, density can be obtained by eq. (57).

_ Poho _ 1
~Th T PoTTAR (57)

Where: p, is the initial relative density, h, the initial height, h the height, Ah the
change in height.

The following is how the values of Q, Ao and n for the AA7075 were qualitatively
obtained using Olevsky's method.

Obtaining the parameters can be done in a simple way, using the data from the SPS
test. As reported above, by shrinking the sample it is possible to obtain the densification curve
as a function of time, which allows to obtain the strain rate, all other parameters are provided
by the SPS machine software. Making n vary discretely from 1 to 5, the parameters Ao and Q

are determined by the following linearized eq. (58).

ol

__ Q
nin 3 %1 nz;nl - —In(T) =-In(A)) + T (58)
[l//+3¢)j (1—9) |6‘Z|

which has the form: y = a + bx, where: x = 1/T; 0 is the porosity; , o, is the applied stress,

¢,1s the strain rate; ¢ and y are porosity-dependent parameters called, respectively, shear

modulus (eq. (59)) and bulk modulus (eg. (60)), expressed by:

@ =(1-06)? (59)
_2(1-06)°
v=3"7 (60)

To obtain Ag and Q, the following relations are used: Ay = exp(—a) and Q = bR.
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After determining the parameters, it is possible to solve the differential equation of
the porosity, for each n, varying from 1 to 5, and compare it with the experimental result, to

verify which set of values gives the modeling curve that is closest to the experiment.

_ (A)/T)exp(—F?T)IGZI”
9 = (1_ 6) n+l (61)

n-1

i) o

For some materials, such as aluminum, the determination of the n parameter
qualitatively is very complicated. The Li method (LI et al., 2012) was used to help obtain n in
a quantitative way, since it is not always possible to obtain n by the method developed by

Maniére.

3.6.2 Validation of the creep parameters

In order to validate the creep parameters obtained in the previous step, a numerical
model representing a 8 mm diameter sample fabricated with the same SPS parameters used to
assess the creep parameters was simulated, i.e.: pressure of 50 MPa, temperature = 500° C and
dwell time = 15 min. Numerical results obtained were then compared with the experimental

ones in order to validate the creep parameters used in this work.

3.6.2.1 Geometry

Due to the cylindrical symmetry of the SPS tools, 2D-aximetric modeling was
performed as represented in the Figure 26. The dimensions of the main parts of the
configurations used for sintering the 8 mm or 20 mm diameter samples, respectively named
®8 and ®20, are shown in Table 4.



Figure 216 - Geometriles used in the FEM modeling: (a) ©8; (b)I ®20. .
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Table 4 — SPS Setup Main Dimensions
®8 @20 Material ®8 @20 Material
Punch Large Spacer
Height 22.55 20.55 Height 20 20 Graphite
Radius 4 10 Radius 60 60
Die
Height 30 40 Electrode inconel
Radius 25 25 Graphite Height 35 35 600
Small Spacer P Radius 60 60
Height 40 40
Radius 40 40 Sample
Medium Spacer Height 4.3 5 AAT7075
Height 20 20 Radius 4 10
Radius 50 50

Source: The Author (2022)
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3.6.2.2 Material

The properties of the materials used in the finite element modeling are shown in
Table 5. The properties of graphite and Inconel 600 are already well known in the SPS
literature (MANIERE et al., 2018; MANIERE; TORRESANI; OLEVSKY, 2019; VAN DER
LAAN et al., 2021). For the aluminum alloy AA7075, the data for electrical conductivity,
thermal conductivity and heat capacity at constant pressure were obtained from the work
published by He et al. (HE et al., 2019). All these parameters are temperature dependent, as
presented in the Figure 27. The dependence of these properties on the porosity 0 is also taken
into account (OLEVSKY et al., 2012).

Table 5 — Material properties

Graphite (VAN DER Inconel 600 (VAN AA7075 (HE et al.,
LAAN et al., 2021) DER LAAN et al., 2019; OLEVSKY et
2021) al., 2012)

Electrical conductivity,
oe (S/m)

(1.7-10°-1.87-10°T+
+1.26:1011T2-2.44-10
15T3)—1

(9.82:107
+1.6-10°10T)t

(1-6) - (ER_AA7075)1

Thermal conductivity, 123-6.99-10°T+1.55-10- | 10.1+1.57-102T (1-1.56 -

A (W/(m-K)) T2 0.56*)'TC AA7075
Density, 1904-0.01414T 8430 (1- 6)-2810

p (kg/m°)

Thermal capacity,
Cp (J/(kg-K))

34.27+2.72T-9.6-104T2

344+2.5-10°1T

(1- 0)-SH_AA7075

Source: The Author (2022)

Figure 27 — AA7075 properties: (a) Electrical resistivity; (b) Thermal conductivity; (c) Specific heat.
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3.6.2.3 Boundary conditions

The coupled modeling in COMSOL Multiphysics included the Electric Currents (ec),
Heat Transfer in Solids (ht) and Solid Mechanics (solid) modules, and the Domain ODEs and
DAEs module for solving the differential equations involving relative density (p) and grain
size (G).

For the electrothermal modeling the following boundary conditions were applied, on
the vertical walls it was considered that there is a radiative heat flux, considering the
emissivity of graphite ¢ = 0.8 and the Inconel 600 electrode £ = 0.67 (MANIERE et al.,
2016d). As for the horizontal walls, it was considered that there is a conducto-convective heat
flux for the two Inconel surfaces that are in contact with the water-cooling system, where the
conducto-convective coefficient h; = 880 W-m?K* was considered (MANIERE et al.,
2016d). Furthermore, due to the symmetry of the array, it was considered that the fluxes
emitted and absorbed by the horizontal surfaces are counterbalanced. For the determination of
the electrical and thermal contact resistances, the equations obtained from Maniére et al.
(MANIERE et al., 2017a) were used in this work.

To implement the mechanical modeling, boundary conditions presented in Figure 28
were used. The specimen was submitted to a pressure of 50 MPa in the upper part, and in the
lower part the displacement in the vertical direction z was prescribed as null. In the vertical
edge of the specimen, the displacement in the radial direction r was also prescribed as null. To
consider the thermal effects in the mechanics, the modified Abouaf creep model was applied.
To apply the Abouaf model, it is usually necessary to perform some creep tests to determine
the parameters ¢ and f. However, these parameters can be related to the parameters ¢ and y of

the Olevsky model, as shown in the 2.2.2.5 subsection.
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Figure 28 — Boundary conditions — ®8
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The heating occurring during the SPS is due to the Joule effect, so the temperature is
controlled by a PID controller, which allows to regulate the electrical input current. The point
probe for measuring the temperature was positioned according to the K-type pyrometer used
in the experiment, at half height of the mold and at a depth of 3 mm from its external surface.

The PID parameters (ke, ki and kp) used are shown in Table 6.

Table 6 — PID control parameters (®8)

Parameter Value Description

ke 7.5 Proportional parameter
ki 0.1 Integral parameter

ko 40 Differential parameter

Source: The Author (2022)

3.6.2.4 Mesh used for simulation

The mesh used in the model is shown in Figure 29. This hybrid mesh has a total of
6318 elements, 5618 of which are triangular and 700 rectangular. The rectangular elements
were used in the sample and graphite sheet region in order to obtain more accurate

temperature and strain results.
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Figure 29 — Mesh used in the model - ®8

Source: The Author (2022)

3.6.3 Optimization of the SPS parameters by FEM

After validating the Olevsky constitutive model coefficients (Ao, Q and n) for an 8
mm diameter AA7075 sample using the Finite Element Method (FEM) to model its
densification, we need to determine the best set of parameters to densify a 20 mm diameter
sample (Figure 26(b)), as it is required to be produced for mechanical testing. As in the
previous step, all modeling stages were performed in COMSOL Multiphysics software.
Thereby, it was possible to vary the SPS parameters to optimize the process and obtain the
best settings for pressure, temperature and dwell time. The SPS parameter sets tested are
shown in Table 7.

The PID parameters used in the simulations are shown in Table 8. All material
properties and boundary conditions are the same as in the previous section, with the exception

of pressure and temperature.



Table 7 — SPS parameter sets

Pressure (MPa) Temperature (°C) Dwell time (min)
50 500 15
50 550 15
100 500 15
100 550 15

Source: The Author (2022)

Table 8 — PID control parameters (©20)

Parameter Value Description
Kp 10 Proportional parameter
Ki 0.1 Integral parameter
Ko 30 Differential parameter

Source: The Author (2022)
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4 RESULTS AND DISCUSSIONS

This chapter presents and discusses the results obtained in the characterization of the
starting powders used to produce AA7075/EAFD composites, presents the mechanical and
microstructural characterization of the composites consolidated by the Spark Plasma Sintering
(SPS) technique, and also the results obtained in the Finite Element Method (FEM) modeling
of the SPS process.

4.1 PARTICLE SIZE ANALYSIS

In this subsection the PARTICLE SIZE ANALYSIS results of the starting powders
used are presented. In 4.1.1 the particle size distribution results for the aluminum powders
before (AA7075) and after grinding (AA7075-M) are presented. In 4.1.2, in turn, presents the
particle size distribution results for Electric Arc Furnace Dust (EAFD).

4.1.1 AA7075 e AA7075-M

The particle-size distribution (PSD) of AA7075 powder before and after ball-milling
is shown in Figure 30. The median particle size (D50) is equal to 33 um for AA7075 (Figure
30a) and to 56 um for AA7075-M (Figure 30b). The increase in particle size after 1 h of
milling in an aluminum alloy (AA6061) was also observed by Rana et al. (RANA;
BADHEKA; KUMAR, 2016). They showed that the particle size increased from 10-12 um to
60—65 um, and attributed this increase to cold welding between the particles, which results in
the formation of agglomerates in which the particles are weakly joined at the point of contact.
Both PSD are large, in agreement with the SEM observations, and interestingly the PSD for
the AA7075-M powder is bimodal, with the minor component centered at about 500 pm,
which could also reflect some effects of ball-milling, such as flaking and inter-particle

bonding.
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Figure 30 — Particle size distribution: (a) AA7075 powder; (b) AA7075-M powder. The solid lines represent the
volume fraction and the dashed lines represent the cumulative volume.
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4.1.2 Electric Arc Furnace Dust (EAFD)

Figure 31a and Figure 31b show the result of particle-size distribution (PSD)
obtained by laser diffraction for EAFD powders called G1 (<53um) and G2 (53-75 um),
respectively. From this analysis, it was found that the average particle size of G1 and G2 is
13.9 um and 63.1 um, respectively. In the PSD of EAFD-G1 (Figure 31a) a bimodal
distribution can be observed, denoting the existence of two particle size populations, a portion
consisting of fines formed by particles between 0.2 and 13.18 um and a thicker portion with
particles between 13.18 and 120.23 pum, each corresponding to approximately 50% of the
volume. This heterogeneous distribution of EAFD was also observed in the results obtained
by Tang et al.(TANG et al., 2017). Furthermore, it is observed that about 6% is of particles
larger than 53 um, this may be associated with the wear of the sieve or the agglomeration of
particles of the powder caused by performing the test in an aqueous medium. For the PSD of
EAFD-G2 (Figure 31b) it is also possible to note the bimodal behavior, but with a large
difference in peak height. The first group has particles between 0.24 and 17.40 pm,
representing only around 12% of the accumulated volume, the remainder is between 17.40
and 158.50 um. The particles outside the range of 53-75 um can be explained by the existence
of clusters of small particles that did not detach at the time of sieving, as seen in the SEM
image, for particles below the lower limit. As for the particles of size above the range, it is
justified by the presence of particles in the shape of rods (as can be seen in the SEM images),
which allows the passage when the axes of these rods are in a position approximately

perpendicular to the sieve hole area.
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Figure 31 — Particle size distribution of the EAFD: (a) G1; (b) G2. The solid lines represent the volume fraction
and the dashed lines represent the cumulative volume, both as a function of particle size.
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4.2 DENSITY

Subsection 4.2.1 presents the density of the starting powders and 4.2.2 presents the
density of the sintered composites.

4.2.1 Density of starting powder

The density of the starting powders (G1, G2) was measured by He pycnometry. Ten
He purges were performed for each sample to obtain a stable value (Table 9). The difference
between G1 and G2 densities is likely due to their different composition, as discussed
hereafter. For AA7075, the density provided by the literature, 2.81 g/cm?®, was considered
(THE ALUMINIUM ASSOCIATION, 2015). Due to the degree of uncertainty, only three
significant figures will be considered for subsequent calculations.

Table 9 — Powder density (pexp) Of the starting powders.

Sample Pexp
(g/cm®)
Gl 3.7522 + 0.0007
G2 3.4111 + 0.0027

Source: The Author (2022).

To calculate the theoretical density p;, of the mixture between two materials with
different densities, p,and p,, directly from the mass percentage, here called m; and my, we

can use the following formula:
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_ PP
Pn =
m,p, + M, o,

In another way, we can calculate the density of the sample as a function of the

(62)

volumetric percentage of the integral powders, as follows:

Pth = V1P1 T V202 (63)

where:
= lepl and v, + v, = 100%

mip2

Thus, the theoretical density of the blends between AA7075 and EAFD, for 5, 10 and
15% residue (by mass) is presented in Table 10.

V

Table 10 — Theoretical density of composites
Sample V(%) py(g/cm®)

5G1  3.79 2.85
10G1  7.69 2.88
15G1  11.68 2.92
5G2  4.16 2.83
10G2  8.39 2.86

15G2 12.70 2.89
Source: The Author (2022)

4.2.2 Density of the sintered AA7075/EAFD composites

The experimental density of the sintered pellets was measured using an Archimedes
balance, the value considered is the average between 10 measurements. The relative density is
the ratio between the experimental and theoretical density. Samples of 8 and 20 mm in
diameter were produced by SPS (Figure 32).

produced with a diameter of: a) 8 mm and b) 20 mm.

Figure 32 — Some of the samples

Source: The Author (2022).
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4.2.2.1 Density of AA7075-EAFD composites

The relative densities of the sintered 8 and 20 mm diameter AA7075-EAFD samples
as a function of their composition and SPS parameters are presented in Table 11 and Table 12,

respectively.

Table 11 — 8 mm sintered sample density

Starting powder 3PS parameters _ Din(g/cm3)  p(%)
T(°C) P (MPa) t(min)

AAT7075-M 500 25 0 2.81 9

AA7075-M 400 50 5 2.81 95
AAT7075 500 50 15 2.81 98.4
AA7075-M 500 50 15 2.81 98.6
10G1 500 50 15 2.88 94.1
10G2 500 50 15 2.86 96.7
10G1 500 100 15 2.88 98.4

Source: The Author (2022)

Table 12 — 20 mm sintered sample density

Starting powder 3PS parameters ) Dwn(g/cm3)  p(%)
T(°C) P (MPa) t(min)
10G1 500 100 15 2.88 94.9
10G2 500 100 15 2.86 95.3
AA7075-M 500 100 15 2.81 97.8
10G2 550 100 15 2.86 97.3
AAT075 550 100 15 2.81 99.2
AA7075-M 550 100 15 2.81 99.3
5G1 550 100 30 2.85 96.5
10G1 550 100 30 2.88 97.5
15G1 550 100 30 2.92 98.2
5G2 550 100 30 2.83 99.1
10G2 550 100 30 2.86 97.2
15G2 550 100 30 2.89 100

Source: The Author (2022)
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The relative density, combined with other results, is an alternative to know if the
sintering was successful (GERMAN, 1996). One of the main difficulties in obtaining a
complete densification is related to the release of gases during the beginning of the sintering.
This was important because it decreased the vacuum level in the SPS chamber considerably.
This fact occurred for all samples, including the sample composed only of aluminum powder
AAT7075, which did not undergo the milling process. This powder was sintered in its original
form and also suffered this release of gases. This implies that this was not an effect of the high
energy milling, as it occurred for all samples with and without milling.

The release of gases occurs from the absorption of humidity by the powders during
storage, due to the hygroscopic characteristic (i.e. the ability to absorb humidity from the
environment) of the oxide layer present in the aluminum powder particles. The oxide layer
usually consists of an Al-Al,03-nH20 type system, which includes hydrated aluminum oxide,
Al(OH)g3, and physically adsorbed water (ARBUZOVA, 1976 apud HUO et al., 2010).

In the presence of water, the aluminum grains react with oxygen and form a thin

amorphous layer of aluminum oxide, as follows:

24l + 3H,0 > Al, 04 + 3H,

The change in vacuum in the chamber is associated with the release of oxygen and
hydrogen gas from the samples due to the increased temperature and pressure. To get
completely dense samples, these gases must be fully released, as they are one of the factors

that prevent the reduction of the porosity of the material.

4.3 CHEMICAL COMPOSITION OF THE STARTING POWDERS

The chemical composition of the as-received AA7075 powder determined from EDX

analysis is presented in Table 13.

Table 13 — Chemical composition of the AA7075 raw powder determined from EDX analysis.
Si Cu Cr Mg Zn Al
wt% 010 138 027 171 506 91.48
Source: The Author (2022)

Table 14 shows the chemical composition of EAFD obtained by X-ray fluorescence

(XRF). This test showed that EAFD (G1 and G2) is composed of several elements, consisting
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mainly of iron and zinc. The difference in composition of G1 and G2 is due to the slight
density difference between them (Table 9).

Table 14 — X-ray fluorescence (XRF) spectrometry (wt.%).
Fe Zn Ca Mn Si Mg Al Pb Gd La

G1 39.89 36.93 7.00 4.13 2.74 269 148 122 0.66 0.65
G2 45.33 28.80 7.66 2.99 4.98 290 2.02 1.22 0.40

Others, Others,

Cr K Cu CI Ti Ba S P each* total

Gl 052 043 031 0.27 019 0.17 0.16 0.12 0.11 0.44

G2 040 052 030 0.24 0.69 0.29 0.28 0.25 0.15 0.73

* Maximum value.

Source: The Author (2022)

From the data presented in Table 14, it can be highlighted that the EAFD is
composed of a large percentage of Fe (between 40 and 45%), with strong presence also of Zn
(between 29 and 37%), also presenting considerable values of Calcium (Ca) and Manganese
(Mn), Silicon (Si) and Magnesium (Mg), which are the elements that will most influence the

quality of the reinforcement.

4.4 X-RAY DIFFRACTION (XRD)

This section presents the XRD patterns of the starting powders and also of the

sintered composites.

4.4.1 XRD patterns of the AA7075 and AA7075-M powders and the corresponding

sintered samples

The XRD patterns of the AA7075 and AA7075-M powders and the corresponding
sintered samples are shown in Figure 34(a). For all samples, only the aluminum peaks are
detected (space group n 225 : Fm3m ; Schoenflies notation : 07), showing that all other
crystallized phases formed by the other alloying elements are below the detection limit of the
technique (GRAULIS et al., 2009). Figure 34(b) shows the magnification of the region around the
(111) peak. The (111) peak shifts to a slightly higher 26 angle, as seen in Figure 34(b) for

sintered samples, which can be attributed to the partial dissolution of Zn, Mg and Cu in the Al
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matrix as well as grain boundaries (YAZDIAN; KARIMZADEH; TAVOOSI, 2010). The
values of crystallite size and intrinsic strain for all samples are shown in Table 2. To obtain
these parameters, the values of FWHM and Bragg angle of the first five peaks of the
diffraction pattern, indexed as (111), (200), (220), (311) and (222), were used. The high-
energy ball-milling process led to a decrease in crystallite size and an increase in lattice strain,
due to the severe plastic deformation of the powders during the process, as was reported by
several authors (ABDOLI; ASGHARZADEH; SALAHI, 2009; BERA et al., 2013). The plastic
deformation generates stresses that imply the formation of subgrain boundaries, thus, grain
refinement occurs as the distortions in the lattice increase. The crystallite size is about 61 and
45 nm and strain is about 0.07 and 0.12%, for AA7075 and AA7075-M, respectively. Table 2
also shows the estimated value of the density of dislocations for each sample, which was
obtained using eq. (56). Comparing values for AA7075 and AA7075M highlights that milling
considerably increases the density of dislocations (DAYANI et al., 2017; TOOZANDEHJANI et al.,
2017). Moreover, sintering reduces the density of dislocations, as it increases the size of the
crystallite and decreases the strain of the lattice. In addition, by comparing AA7075-MS with
AAT075-S, it is possible to notice that the density of dislocations for the former is about four
times higher than for the latter, which influences directly the strength and hardness of these
samples, as it will be discussed hereafter.

Using Bragg's Law for cubic structures, the lattice parameter ao of the powder and
consolidated samples was calculated. Comparing the lattice parameter of the powder samples
(0.40549 nm for AA7075 and 0.40553 nm for AA7075M) shows that there is no significant
variation. The same occurs for AA7075-S and AA7075-MS, with lattice parameters of
0.40498 and 0.40491 nm, respectively. Comparing the consolidated samples with the powder
samples, there is a reduction of about 0.13-0.15%. The reduction in the ap occurs due to the
formation of a supersaturated AA7075 solid solution caused by the dissolution of smaller Zn
and Cu atoms in the Al lattice (TAVOOSI; ENAYATI; KARIMZADEH, 2008; YAZDIAN;
KARIMZADEH; TAVOOSI, 2010).
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Figure 33 — (a) XRD patterns of the AA7075 and AA7075-M powders and the corresponding sintered
samples; (b) higher magnification of the region around the (111) peak. All patterns are normalized to the (111)

peak.
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Table 15 — Crystallite size D (nm), micro-strain € (%), lattice parameter ag (nm) and dislocation density §(m2)
powders and dense samples as deduced from the XRD patterns.

Sample D (nm) £ (%) ao (nm) d(m2)
AA7075 61 0.07 0.40549 1.37 x 10*
AA7075-M 45 0.12 0.40553 3.26 x 101
AA7075-S 80 0.02 0.40498 2.96 x 101°
AAT7075-MS 77 0.08 0.40491 1.32 x 10*

Source: The Author (2022)

The relative density of the AA7075-S and AA7075-MS sintered samples is 99.2 +
0.1% and 99.3 + 0.2%, respectively, using 2.81 g/cm? for the theoretical density of AA7075.
The XRD patterns of the sintered samples (Figure 34) are similar to those of the
corresponding powders.

From the Williamson—Hall method, it was found that the crystallite size of the
sample AA7075-S was 80 nm, about 32% larger than its starting powder, and its micro-strain
was reduced from 0.07% to 0.02% after sintering. The crystallite size and micro-strain in the
sintered AA7075-MS sample are 77 nm and 0.08%, respectively. The crystallite size of this
sintered sample is approximately 70% larger than that of its powder. Such results are in good

agreement with those obtained by Rana et al., (2009).
4.4.2 XRD patterns of the composites

Table 14 shows the chemical composition of EAFD obtained by X-ray fluorescence
(XRF). This test showed that EAFD (G1 and G2) is composed of several elements, consisting
mainly of iron and zinc. The difference in composition of G1 and G2 is due to the slight

density difference between them (Table 9).

Table 16 — X-ray fluorescence (XRF) spectrometry (wt.%).

Fe Zn Ca Mn Si Mg Al Pb Gd La
Gl 3989 3693 7.00 413 274 269 148 122 0.66 0.65
G2 4533 2880 766 299 498 290 202 122 0.40
Cr K Cu Cl Ti Ba S P Others, each*  Others, total
Gl 052 0.43 031 027 019 017 016 0.12 0.11 0.44
G2 040 0.52 030 024 069 029 028 0.25 0.15 0.73

* Maximum value.
Source: The Author (2022).
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The XRD patterns (Figure 34) reveal the presence of ZnO and Fe3O4 and/or ZnFe;O4
as major compounds for both the G1 and G2 EAFD powders. Indeed, FesO4 and ZnFe;O4
share the spinel structure with close cell parameters and it cannot be concluded here if it is
one or the other compound.

The comparison of the relative intensities of the most intense and well separated
peaks for each phase, i.e. (311) for Fe3O4, (101) for ZnO and (011) for SiO2, shows that there
is more SiOz in G2 than in G1, reinforcing the result obtained in XRF, in which it was shown
that the presence of the element silicon in G2 is almost double that in G1. On the other hand,

results show that the ratio between ZnO and Fe3Og is similar for both powders.

Figure 34 — XRD Patterns of the G1 (Bottom) and G2 (Top) EAFD Powders
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The XRD patterns of the powders and sintered samples prepared using the G1 EAFD
powder (Figure 35) show intense Al peaks due to the AA7075 matrix and weak peaks
attributed to the various oxides present in the EAFD. Note that even for 15 wt.% EAFD, the
latter peaks are barely detected. The similarity between the XRD patterns of powders and
SPSed samples suggests that no reaction took place during sintering as no new phase was
detected. The XRD patterns of the sintered AA7075 and G2/EAFD - AA7075 composites

(Figure 36) show similar features.
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Figure 35 — XRD patterns of the powders and sintered G1/EAFD - AA7075 composites.
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Figure 36 — XRD patterns of the sintered AA7075 and G2/EAFD - AA7075 composites.
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DER MICROSTRUCTURE

Subsection 4.5.1 presents the microstructure results of the AA7075 aluminum

powders before and after milling. Subsection 4.5.2 presents the microstructure results of the

EAFD powders (G1 and G2).



82

4.5.1 FESEM images of the AA7075

Typical FESEM images of the AA7075 powder at medium (Figure 37 (a)) and higher
(Figure 37 (b)) magnifications show rounded particles with a spherical or more elongated
shape and a large size distribution, consistent with the gas atomization practices employed for
its production (HUO et al., 2010). For the AA7075-M powder, the particles have taken the
shape of micrometric flakes about 1 pm thick and with lateral dimensions in the range 10-100
um, which is a typical morphology for milled soft metals for a short time (<5 h), as reported
in previous works (DAYANI et al., 2017; RAZAVI-TOUSI; SZPUNAR, 2015). In particular,
Razavi-Tousi and Szpunar (RAZAVI-TOUSI; SZPUNAR, 2015) found that using various
milling conditions, aluminum particles always tend to form disc-shaped particles for short
milling times due to cold welding. For longer times (10-50 h), the particle size and its final

shape are determined by the equilibrium between cold welding and fracture processes.

Figure 37 — FESEM images of the powders: (2) AA7075 (as-received powder); (b) higher magnification of the
boxed area in (a); (c) AA7075-M (milled powder); (d) higher magnification of the boxed area in (c).
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4.5.2 FESEM images of the EAFD (G1 and G2)

FESEM images (Figure 38) of G1 and G2 reveal that they are made up of spherical
agglomerates about 50-80 um in diameter, with submicronic particles in the 0.1 — 1 um range.
This suggests that the agglomerates could be relatively easily broken by milling. A little bit of
rod-like particles are also observed (about 300 pum long and 30 um wide), notably for G2
(inset in Figure 38c). Several authors have verified the presence of these spherical
agglomerates formed by fine particles or fine particles covering larger particles. Rocabois
pointed out spherical shapes formed from spinel-type metal oxides XFe;O4 ( X = Fe, Zn, or
Mn)(NIUBO et al., 2009; OLIVEIRA ALVES et al., 2018; P. ROCABOIS et al., 2000).

Figure 38 — FESEM images of the G1 (a-b) and G2 (c-f) EAFD powder: d) is a magnification from the boxed
~areain ¢) and f) is a magnification from the boxed area in d).
e 7 2 - r ﬁ R

Source: The Author (2022)

For the composite powders the EAFD particles are homogeneously dispersed at the

surface of the AA7075 flakes (Figure 39). No micrometric EAFD agglomerates are observed.
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Figure 39a and Figure 39b show, respectively, the appearance of the starting powders 15G1
and 05G2 at low magnification. Figure 39c and Figure 39d show higher magnification of
selected areas in Figure 39a and Figure 39b, respectively. It is noticed that these powders are
very similar, differing only in the surface area covered by EAFD on the AA7075 flakes.

Figure 39 — FESEM images of EAFD - A7075 powders; a) 5 wt.% G2 - A7075; b) is a magnification
from the boxed area in a); ¢) 15 wt.% G1/EAFD - A7075; d) is a magnification from the boxed area in c).

R " g e
3 ¥ & T A

. / ]
Source: The Author (2022)

4.6 MICROSTRUCTURE OF THE SINTERED SAMPLES

Subsection 4.6.1 presents the results obtained in the determination of the sample
preparation protocol for microstructural analysis and in subsection 4.6.2 the images obtained
by Optical Microscopy.
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4.6.1 Determination of the sample preparation protocol for microstructural analysis

Figure 40 shows the appearance of the sample as sintered (Figure 40a), including the
graphite sheet (Papyex), and the mirror appearance obtained after application of the polishing

protocol (Figure 40b).
Figure 40 — Macroscopic aspect of the sample: a) as SPSed and b) after polishing.

Source: The Author (2022)

The optical microscopy images, as a function of etching time, of the wafers produced
with 100% of the AA7075 powder as received are shown in Figure 41 (all images presented
have a magnification of 1000x). In the case of the samples composed only of AA7075 in its
original form, it can be seen that an etch time of 10s is sufficient to reveal the microstructure.
Above this time, we can notice that the solution starts to corrode the interior of the grain,

which is not interesting to characterize the samples.
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Figure 41 — Optical images of AA7075 samples as a function of etching time: (a) 10s; (b) 20s; (c) 30s; (d) 40s;
(e) 50s; (f) 1 min; (g) 2 min; and (h) 5 min
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Based on the results obtained with AA7075 samples, it was decided to check whether
the same chemical etching time, 10s, could also be applied to the EAFD/AAT7075 composites
produced under the same SPS conditions. In all cases studied in this work, the chemical
etching time of 10s proved to be adequate to reveal the microstructure of the samples. Finally,
the images obtained under these conditions are shown in Figure 42. It is possible to observe
the lamellar appearance of the ground aluminum particles and the evidence of porosity

between the particles.

s

s

Figure 42 — Optical image of sintered co wt.% G1; b) 10 wt.% G2.
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Source: The Author (2022)

4.6.2 Optical Microscopy

In this section, the surface images of the SPSed samples obtained by optical
microscopy are presented. Optical microscopy images of the surface of the sintered samples
(Figure 43) reveal only very little or no porosity, in agreement with the relative densities
higher than 99%. For the sintered AA7075 (Figure 43a), the grain shape is mostly isotropic,
reflecting the shape of the particles in the corresponding powder. It is equal to 34 + 2 um,
which is close to the median value for the corresponding powder (33 um), indicating no or
very little grain growth during SPS. The sintered AA7075-M (Figure 43b) exhibits a lamellar
morphology, with a few micrometers in thickness and dozens in length, as for the starting
powder. Some grains are observed on the thin side and some on the broad side, indicating no
preferential orientation with respect to the pressing axis.
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Figure 43 — Optical images of the sintered samples: (a) AA7075, (b) AA7075-M.
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Source: The Author (2022)

4.7 MECHANICAL TESTS

Figure 44 shows the identation points of one of the analyzed samples. Three-point
bending tests on 2 x 2 x 16 mm? bars were performed (MTS Systems 1/M) at loading rate of
0.1 mm/min.

Figure 44 — View of indentation points of one of the samples studied.

Source: The Author (2022)

4.7.1 AA7075 and AA7075-M

Table 16 compares the Vickers microhardness values obtained for 8 mm in diameter
and 3mm thick samples sintered from AA7075 powder (as received) and AA7075-M powder
(milled for 1h) from Alcoa, fabricated with the following SPS parameters: heating rate =
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100°C/min; dwell temperature = 500 °C; dwell time = 15 min; axial pressure = 50 MPa, with

the standard machine current pulse.

Table 17 — Microhardness

Starting Powder Microhardness (HV)
AAT7075 874
AA7075-M 109+2

Source: The Author (2022)

Microhardness results show that milling has a beneficial effect in increasing the
hardness of the AA7075 alloy, since the sample produced from the aluminum alloy milled for
one hour (AA7075-M) shows an increase of approximately 25% over the original powder
(AAT7075).

In order to obtain specimens with adequate size for the production of specimens for
3-point bending test, specimens with a diameter of 20 mm were produced from Alcoa's
aluminum alloy. Among the SPS configurations tested, the most effective set of parameters
were as follows: heating rate = 100°C/min; dwell temperature = 550 °C; dwell time = 15min
and axial pressure = 100 MPa, with the standard machine current pulse.

The results of the mechanical tests for specimens with a diameter of 20 mm are
presented in Table 18. Both the Vickers microhardness HV (HV) and transverse rupture
strength oy (MPa) are higher for AA7075-MS than for AA7075-S, whereas the transverse
rupture strain gy iS lower. These results could reflect the changes in crystallite size, micro-
strain and dislocation density caused by ball-milling for the AA7075-M powder, which are
associated with both dislocation and solid solution strengthening. It is well known that metals
sintered from milled powders tend to have higher hardness and strength than powders sintered
as received due to grain refinement; however, they tend to become less ductile (VALIEV et al.,
2016; ZHU; WU, 2018). Increasing the strength of metals without major losses of ductility still
remains a challenge in materials engineering (LIU et al., 2019). Post-heat treatments, such as
annealing, are used to regain ductility (QUEUDET et al., 2017; RANA et al., 2009), reducing the
residual stress of dense samples. The residual stress in materials is undesirable as it can cause
pre-existing cracks that result in material damage or early fracture (LIU et al., 2014). Research
on methods to recover the ductility without reducing the strength of dense metallic samples is
of great interest for further works. Higher dislocation density makes plastic deformation more
difficult, as dislocations interact with each other and act as barriers that hinder their own

movement. Thus, the increase in the dislocation density in a metal increases the yield strength
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of the material (COURTNEY, 2005). The solid solution strengthening occurs due to the
presence of other elements (such as Zn, Mg, Cu) alloyed with the Al matrix as solute atoms
that differ from the matrix atoms in size, which can cause a variation in the strain fields.
These created local strain fields interact with the dislocations and prevent their movement,
also causing an increase in the yield strength of the material (MA et al., 2014). Therefore, these
two strengthening mechanisms are associated with each other, as the greater the dislocation
density, the greater their interaction with the local strain fields created by the elements in solid

solution.

Table 18 — Mechanical properties of the AA7075-S and AA7075-MS samples: Vickers microhardness H (HV),
transverse rupture strength 6, (MPa), transverse rupture strain gy (—).

H Gu €u
Sample (HV) (MPa) (—
AAT7075-S 86 +2 498 +12 (5.9+0.4)-107
AA7075-MS 108 £ 2 550+5 (3.2+0.1)-1072
AAT7075-AC (KALKANLLI; YILMAZ, 2008) — = 400 —
AAT7075-T6 (KALKANLI; YILMAZ, 2008) — = 450 —

Source: The Author (2022)

It is interesting to underline that the values for the present samples prepared by the
one-step SPS technique are higher than those reported for samples prepared by conventional
manufacturing processes using long periods of heat treatment. For example, AA7075 samples
prepared by casting and T6 thermal treatment (BARADESWARAN; ELAYA PERUMAL,
2014) showed a bending strength equal to about 330 MPa. Using a vertical squeeze casting
process, Kalkanli and Yilmaz (KALKANLI; YILMAZ, 2008) obtained AA7075 samples with
a bending strength equal to about 400 MPa (as-cast) and 450 MPa (T6).

4.7.2 EAFD/AATQ075 composites

The Vickers microhardness changes considerably upon the increase in EAFD
content, as observed in Figure 45. Results show that 15 wt.% G1/AA7075 and 15 wt.%
G2/AAT7075 composites have a hardness 55% and 40% higher than AA7075, respectively.

It was noticed that the microhardness values do not tend to vary with position,

indicating that the SPSed composites are homogeneous.
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Figure 45 — Vickers microhardness of G1, G2 and AA7075 samples versus EAFD content.
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The results presented in Figure 45 demonstrate that both EAFD size ranges (G1 and
G2) indicate that they possibly have application potential as reinforcement in AA7075 matrix
composites, mainly in parts produced on the basis of AA7075 that need greater microhardness
without increasing the cost of production. In this sense, EAFD seems to be a good alternative
to replace some conventional particulate reinforcements used in composites with AA7075
matrix, such as SiC, TiC and Al>Os, among others (ALANEME; SANUSI, 2015; BALAJI;
SATEESH; HUSSAIN, 2015; CANAKCI; VAROL, 2014; KARUNANITHI; GHOSH;
BERA, 2014; PRADEEP DEVANEYAN; GANESH; SENTHILVELAN, 2017; RANA,
BADHEKA; KUMAR, 2016; RAO, 2017; SHEN et al., 2014; VENKATESAN et al., 2014).

According to references (FLORES-VELEZ et al., 2001) and (ADEOSUN et al.,
2012), the maximum improvement in mechanical properties of Al matrix composites occurs
by using around 10 wt.% EAFD. However, it was observed in the present work an increase in
microhardness (Hv) up to 15 wt.% of EAFD. In the reference sample, produced from the
AAT075, the Vickers microhardness value obtained was 108 Hv, whereas in composites with
15% EAFD, the microhardness reached 152 Hv using G2 (EAFD with particle size between
53 pum and 75 pm), and 168 Hv using G1 (EAFD with particle size smaller than 53 pum). This
difference is probably related to the technique of Spark Plasma Sintering used in this research,
which has several advantages over conventional production techniques (TOKITA, 2013;
ZHANG et al., 2014), among them the ability to produce materials with very low porosity and
prevent grain growth. Using a conventional powder metallurgy technique, Flores-Vélez et al.
(FLORES-VELEZ et al., 2001) reported that the relative density of EAFD/AI composites
decreases as a function of the EAFD content, when using 10 wt.% of EAFD the relative

density was 85%. In contrast, the relative density of the EAFD/AA7075 composites produced
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by us using the SPS technique varied between 96.5 and 100%, even using a shorter cycle,
showing the superiority of this technique over conventional powder metallurgy techniques.

4.8 FINITE ELEMENT MODELING — AA7075

This section presents the results obtained by modeling the Spark Plasma Sintering
(SPS) process by Finite Element Method (FEM).

4.8.1 Determination of the creep parameters Q, Aoand n

For the determination of the creep parameters of Olevsky's model, the starting
powder AA7075 processed by high-energy milling for 1 hour was used. The SPS parameters
used for the sintering of this material were as follows: applied pressure = 50 MPa; heating rate
=100 °C/min; dwell temperature = 500 °C; dwell time = 15 min. The sample used for this test
was 8 mm.

The Figure 46 shows the curves referring to the displacement of the upper punch in
the Z axis. The curve presented in blue describes the displacement in the vertical direction (z-
axis) during the densification of the sample. This displacement is the result of the
densification of the sample and also the thermal expansion of the SPS machine tools. The
curve presented in red corresponds to a cycle in which the sample is completely dense, that is,
this displacement is a result only of the thermal expansion of the tools. To obtain the curve of
effective densification it is necessary to subtract the red curve from the blue one, and by doing
this, the gray curve is obtained.

Figure 46 — SPS machine piston displacement as a function of time.
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From the effective Z-displacement, we can obtain the densification curve for the

AAT7075 alloy, which is presented in Figure 47.

Figure 47 — Densification curve for AA7075 powder.
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After obtaining the densification curve, Olevsky's method was used to obtain the
creep parameters Q, Ao and n of AA7075. Figure 48 shows the curves obtained by regressions
with n varying from 1 to 5.

Figure 48 — Linear regression to determine Ao, Q and n qualitatively.
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The values of Q and Aq are obtained from the coefficients of the equations of the

lines shown in Figure 48, and are presented in Table 19.



Table 19 — Values of Q and Ao depending of each n.

n Q(kJ/mol) A (1fs)

1 16.2 1.76E-06
2 20.7 1.35E-13
3 25.1 1.04E-20
4 29.5 7.98E-28
5 33.9 6.13E-35

Source: The Author (2022)

From the determination of the creep parameters, it was possible to obtain the
densification curves as a function of time and compare them with the experimental values, as
illustrated in Figure 49. Results show that the value of n evaluated qualitatively is between 3
and 4, but it is difficult to state what the exact value is. Therefore, the method of Li et al(LI et

al., 2012) was used to obtain the n parameter in a quantitative way.

Figure 49 — Comparison between the experimental density and the density obtained numerically.
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To determine the n exponent by the method of Li et al., three temperatures were
adopted to perform the experiment: 150, 200 and 250 °C. For each test, the pressure varied
between 10 and 50 MPa, with an increment of 10 MPa at each step. The punch displacement

(sample shrinkage) and pressure levels as a function of time are presented in Figure 40.



95

Figure 50 — Tests performed to determine the n exponent.
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From the shrinkage data of the specimen as a function of time, presented in Figure
50, it can be highlighted that the total shrinkage of the specimen increases as a function of the
temperature at which the test is performed. Using the method of Li et al. (LI et al., 2012), the
exponents n of the power creep law were determined, and the respective values are presented

in Table 20.
Table 20 — n values obtained by using Li et al. method.

Ttest (°C) n Standard Deviation
150 3.05 +0.16
200 4.02 +1.17
250 4.58 +1.16

Source: The Author (2022)

As presented in Table 20, the average value of n obtained by the method of Li et
al(L1I et al., 2012). is approximately 3.88. An analysis between the two methods induces n =
4. Thus, the activation energy Q of the AA7075 alloy is 29.5 kJ/mol and the Ao factor is 7.98e

28 S—l_
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4.8.2 Creep Data Validation via FEM

In order to use the creep data in the finite element modeling, it is necessary to verify
if they are reliable, in order to develop a robust predictive numerical tool for future tests, that
can predict some important results from the sintering of samples by SPS, such as: final
density, particle size, etc. For this, the SPS cycle of sample AA7075 was modeled using
Comsol Multiphysics, with the following sintering parameters: pressure of 50 MPa,
temperature = 500° C and dwell time = 15 min. After that, the numerical results were
compared with the experimental ones.

The Figure 51 shows the PID-controlled temperature obtained numerically (solid
blue line) compared to the experimental temperature data measured during the process (green
circles). It can be highlighted that the temperature curve obtained with the simulation is very

close to the experimental one, proving the effectiveness of the PID controller used.

Figure 51 — PID-Controlled temperature obtained by simulation and experimentally
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The curve showing the evolution of the relative density according to the time of the
process is presented in Figure 52. The continuous curve (in blue) represents the result
obtained by simulation, while the asterisks (in green) represent the data obtained
experimentally. It is possible to notice that at the end of the sintering process, numerical and
experimental values are very close, since experimental value reaches 98.6% while simulation
value reaches 98.0%. It demonstrates that this method can be used to predict the best set of

parameters that should be adopted to optimize the densification of the sintered samples.
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Figure 52 — Evolution of the relative density according to the sintering time obtained in the simulation versus the

experimental one
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Figure 53 illustrates the distribution of the relative density in the AA7075 sample at
the end of the sintering process, obtained by simulation with COMSOL Multiphysics
software. Results show that the density of the sample is quite homogeneous, proving that the
temperature is well distributed throughout the sample, as can be seen in the Figure 54.

Figure 53 — Distribution of the simulated relative density obtained at the end of the sintering process.
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Figure 54 shows the temperature distribution between the punches, mold and sample
during the SPS cycle. Figure 54a shows the temperature at the moment near the beginning of
the SPS cycle (100s), Figure 54b the temperature at the end of heating (288s), Figure 54c at
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the moment near the middle of the dwell time (700s) and Figure 54d at the end of the cycle
(1180s). 1t is possible to notice that during heating the highest temperatures occur in the
pistons, already at the dwell time the temperatures of the set punches/mold/sample are very
close, around 500° C, according to the color scale, ensuring a homogeneous temperature
distribution in the sample and, consequently, the uniformity of the sample density and also of
the medium particle size. At all times it is noted that the temperature in the sample is

homogeneous, as previously stated.

Figure 54 — Temperature distribution on the 8 mm sample as a function of time elapsed after the start of
sintering: a) 100 s; b) 280 s; ¢)700 and d) 1180s.
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4.8.3 Optimization of the SPS parameters using FEM

From the creep data (obtained from subsection 4.8.1), it was possible to model using
the Finite Element Method (FEM) the densification of 20 mm diameter samples for 4 sets of
sintering parameters fabricated by the SPS technique, obtaining the best configuration of
pressure, plateau temperature and time. The densification curve of AA7075 for each set of

parameters is presented in Figure 55, by using a heating rate of 100 °C/min for each case
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(pattern of the machine used). The curve represented by a green continuous line (50 MPa, 500
°C, 15 min) had the lowest relative densification (97.78%). As it is possible to notice in
Figure 55, the best sintering route is the one represented by the red dashed line, which leads to
the highest densification (99.67%). This curve was obtained by using the parameters: 100
MPa, 550 °C, 15 min. Therefore, those parameters were applied experimentally and the
sintered sample showed a relative density of 99.3% (Table 12), which is very close to what

was obtained in the simulation.

Figure 55 — Densification curves of AA7075 obtained by FE simulation using 4 sets of sintering parameters
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The relative density and grain size representing the predicted microstructure of the
20 mm diameter SPSed sample using the optimized parameters are presented in Figure 45. In
Figure 56(a) it can be seen that the relative density of sample AA7075 obtained by FEM
simulation for the parameters 100 MPa, 550 °C and 15 min is quite homogeneous, with a
variation very close to zero, which is expected for a conductive sample sintered by SPS. The
Figure 56(b) shows the grain size at the end of the SPS cycle. The initial grain size is 33 um,
in the simulation it was obtained that at the end of the cycle the average size becomes
approximately 34 pm, being practically equal throughout the sample. This value is in
agreement with the experimentally obtained result (SOARES et al., 2021) and induces an
activation energy for grain growth Qg = 61kJ/mol. For pure aluminum, the Qg value is about
50 kJ/mol (OLEVSKY et al., 2012), which suggests that the elements added to aluminum to
form the AA7075 alloy slightly increase the value of this activation energy.
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Figure 56 — Microstructure prediction of the 20 mm diameter SPSed sample with the optimized parameters: (a)

relative density; (b) grain size.
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The Figure 57 shows the evolution of the average grain size according to the
sintering time. Simulation results show that grain growth starts at about 250 s after the start of

the cycle, when the sample reaches about 450 °C.

Figure 57 — Average grain size as a function of sintering time
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The homogeneity of both density and grain size throughout the sample can be
explained by the temperature distribution throughout the process. Figure 58 (a) shows the
temperature field during heating at 100s, while Figure 58 (b) shows the temperature field at
the beginning of the plateau (288s) and Figure 58 (c) shows the temperature field at the end of
the SPS cycle (1218s). In all three cases it is possible to see that the temperature is

homogeneous.
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Figure 58 — Distribution of the temperature in the sample and the SPS equipment during SPS sintering: (a) at
100s, (b) at 288s, (c) at 1218s
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The use of the finite element method (FEM), through the COMSOL Multiphysics
software, proved to be a good option to reduce the number of experiments and material loss,
since the results obtained by this method are very close to the experimental ones. Thus, it can
be seen that the FEM is a good predictive tool to estimate the final properties of the sample as

a function of the SPS parameters used.
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5 CONCLUSION

EAFD-AA7075 composites with different EAFD content (5, 10 and 15 wt.%) and
two particle sizes (noted G1 and G2) were produced by Spark Plasma Sintering - SPS (550
°C, 100 MPa, 30 min). The samples were almost or fully dense (97-100%). An
electrothermal-mechanical-microstructural numerical model based on the Finite Element
Method was developed that helped to define the best sintering route and able to predict the
microstructural characteristics of the sample (density, grain size and porosity) as a function of
the parameters used. According to the results obtained, the following conclusions can be
drawn:

e From particle-size analysis, it was found that the average particle size of G1 - EAFD
(<53um) and G2 - EAFD (53-75 um), is 13.9 um and 63.1 um, respectively. The
XRD patterns reveal the presence of ZnO and FesOs and/or ZnFe;Os4 as major
compounds for both the G1 and G2 EAFD powders.

e For both EAFD size ranges (G1 and G2), the Vickers microhardness considerably
increases upon the increase in EAFD content. Thus, 15 wt.% G1/AA7075 and 15
wt.% G2/AA7075 composites have a hardness 55 and 40% higher than AA7075,
respectively. The XRD analysis showed that no reaction took place between EAFD
and the AA7075 matrix during sintering.

e The morphology of powders is retained in the bulk samples, with EAFD particles
dispersed among AA7075 micrometric lamellar grains. Low porosity is observed
along AA7075 grains that exhibit good cohesion.

e The creep parameters of the aluminum alloy AA7075 were determined from the
experimental data provided by the SPS machine. The activation energy Q of the
AAT7075 alloy obtained was 29.5 kJ/mol and the AQ factor was 7.98e-28 s-1. The
power law fluence exponent n was 4.

¢ From the numerical model developed, the best sintering route was obtained by using
the parameters: 100 MPa, 550 °C, 15 min, predicting a densification of 99.67%.
Therefore, these parameters were applied experimentally and the sintered sample
showed a relative density of 99.3%, which is very close to what was obtained in the
simulation, showing that the model is adequate.
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6 SUGGESTIONS FOR FUTURE RESEARCH

From the present work, many topics can be further explored in order to advance in

the development of new materials from SPS technique. Some of them are suggested below:

e Testing the influence of other reinforcements on the mechanical and
microstructural properties of the AA7075 matrix or other aluminum alloys;

e Application of other milling times and/or other type of milling (such as

cryomilling) in the production of the composites;

e Modeling and development of samples with complex geometries;

e Optimization of the SPS process using different optimization methods.
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Abstract AA7075 aluminum alloy is widely used for several high-technology applications for its high
mechanical strength to weight ratio but is still the subject of several studies seeking a further increase
in its mechanical properties. A commercial powder is used, either as-received or after ball-milling.
Dense AA7075 samples are prepared in one step by Spark Plasma Sintering, at 550 °C with a holding
time of 15 min and a uniaxial pressure of 100 MPa. No additional heat treatment is performed. Laser
granulometry, X-ray diffraction and optical- and scanning electron microscopy show that both grain
size and morphology are preserved in the dense samples, due to the relatively low temperature and
short sintering time used. The samples prepared using the ball-milled powder exhibit both higher
Vickers microhardness and transverse fracture strength values than those prepared using the raw
powder, reflecting the finer microstructure.

Keywords: Spark Plasma Sintering (SPS); aluminum alloy; microstructure; mechanical properties

1. Introduction

Powder metallurgy (PM) technology has been of interest to several industrial sectors
for decades. The necessity for metallic materials with improved mechanical and physical
properties to satisfy the current requirements has resulted in development of new manu-
facturing processes [1,2]. The AA7075 aluminum alloy is widely used in the aeronautical,
marine, automotive and defense industries for its high mechanical strength to weight ra-
tio [3,4], but is still the subject of several studies seeking to further improve its mechanical
properties [5].

The manutfacture of aluminum alloy parts commonly uses powder metallurgy pro-
cesses, such as cold isostatic pressing (CIP), hot isostatic pressing (HIP), hot pressing (HP),
hot extrusion and hot rolling. These are competitive with respect to casting and extrusion,
but it involves the degassing of the powder for several hours and several more hours
(1-5 h) at relatively high temperatures [6,7], which makes the process expensive [1,2,5].
Moreover, the long cycle time and high temperatures lead to the growth of the grains, to
the detriment of the final properties.

Recent research has enabled the development of a new unconventional sintering
technology that has emerged as one of the best techniques for consolidating metallic
powders. Although several nomenclatures are used to describe the method, including
pulsed electric current sintering (PECS), field assisted sintering (FAST), field-activated
sintering technique, and current-activated pressure-assisted densification, it is often named
Spark Plasma Sintering (SPS) [1,9,10]. During the last decade, the SPS technique has been
used to consolidate a wide variety of materials, producing them with high density in a
short processing time [11-14].
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Abstract: The reuse of industrial waste, such as electric arc furnace dust (EAFD) as reinforcement in
aluminum matrix composites (AMC), is still little explored even though it has shown potential to
improve the mechanical properties, such as hardness and mechanical strength, of AMCs. To propose
anew alternative for EAFD recycling, AA7075-EAFD composites were produced by spark plasma
sintering (SPS). The starting powders were prepared by high-energy milling with different weight
fractions of EAFD in two particle size ranges added to an AA7075 matrix. SEM shows that the
distribution of reinforcement particles in the matrix is homogeneous with no agglomeration of the
particles. XRD patterns of initial powders and the SPS-sintered (SPSed) samples suggest that there
was no reaction during sintering (no additional peaks were detected). The relative density of all
SPSed samples exceeded 96.5%. The Vickers microhardness of the composites tended to increase with
increasing EAFD content, increasing from 108 HV (AA7075 without reinforcement) up to 168 HV
(56% increase). The maximum microhardness value was obtained when using 15 wt.% EAFD with a
particle size smaller than 53 um (called G1), showing that EAFD presents a promising potential to be
applied as reinforcement in AA7075 matrix composites.

Keywords: electric arc furnace dust; waste recycling; powder metallurgy; spark plasma sintering;
aluminum matrix composites

1. Introduction

Electric arc furnace (EAF) technology is used for the production of steel from recycled
ferrous scrap mixed with cast iron and /or direct reduced iron, but in the process, it also
produces 15-25 kg of electric arc furnace dust (EAFD) per ton of steel [1,2]. EAFD, which
is considered a waste product, is a generic name for pow ders mainly composed of oxides
(principally ZnO, Fe;0,/ZnFe;0,), and their composition may vary on a day-to-day basis
depending on the process conditions including feedstock composition, furnace temperature,
production time, and the type of furnace used [3]. Moreover, EAFD is classified as haz-
ardous by several agencies, including the Brazilian Association of Technical Standards [4],
the Environmental Protection Agency [5], and the European Waste Catalog [6], due to its
content of metals such as zinc, cobalt, copper, lead, and cadmium. Therefore, despite it
being considered a renewable resource [7] and a secondary raw material [8], finding a
suitable use for the EAFD represents a strong challenge, and some studies have reported
recycling it as filler in composite materials with polymer [9,10], ceramic [11], cement [12],
concrete [7], and metal matrix [13-15]. Regarding the latter, aluminum matrix composites
(AMCs) in particular are of great interest because alloys such as the 7075 aluminum alloy
(AA7075) exhibit characteristics (low density, high strength-to-weight ratio) that are of great
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