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RESUMO

Componentes para gestao térmica obtidos por fabrico aditivo com materiais reativos

Para além das boas propriedades térmicas, o fabrico aditivo metalico permite uma grande liberdade
geomeétrica na concecao de componentes para gestao térmica. Assim, o principal objetivo deste projeto
doutoral é o estudo de componentes para gestao térmica produzidos por fusédo de pd, com materiais
reativos e termicamente condutores, como o aluminio, respondendo a pergunta de investigacao “Em que
medida o fabrico aditivo contribui para melhorar o desempenho de componentes para gestao térmica?”.

Inicialmente, como o principal objetivo inclui obter pecas conforme a custos mais baixos, é abordado
0 tépico do fabrico hibrido, que combina tecnologias aditivas e subtrativas. Para tal, sdo testados provetes
produzidos por fabrico aditivo com a liga de aluminio AISi10Mg, por maquinacao convencional com a liga
de aluminio AW-6082 e por fabrico hibrido, combinando ambos os materiais. Nas amostras com
AISi1OMg, ¢é descrita a influéncia do tratamento térmico de alivio de tensdes, recomendado pelo
fornecedor. Em cada caso, as propriedades fisicas, mecanicas e térmicas sdo avaliadas para corroborar
a eventual perda de propriedades causada pelo fabrico hibrido.

De seguida, aplicam-se os dados e conhecimentos obtidos no desenvolvimento de dissipadores de
calor ativos, através de simulacdes numéricas, considerando diferentes tipos de arrefecimento. Os
melhores dissipadores de calor foram validados experimentalmente num sistema de teste, de modo a
validar o acordo numérico-experimental. No final, numa estratégia de investigacao-acao, foi otimizado um
dissipador de calor real, que é parte de um computador central automovel, de modo a reduzir a sua
massa e as emissoes de calor.

No final, todo o conhecimento previamente adquirido, é aplicado na concecédo de insertos moldantes
com canais de arrefecimento conformados. Considerando a melhor geometria de canais, produziram-se
os insertos moldantes em AISi1OMg (posteriormente concluidos via maquinacdo) para avaliar
experimentalmente o seu desempenho na injecdo de pecas amorfas e semi-cristalinas. No final,
considerando a abordagem hibrida estudada ao longo deste trabalho, o melhor de ambos os métodos

de fabrico pode ser combinado, para uma producao mais rapida e com menos desperdicio de material.

Palavras-chave: Fabrico aditivo; Fabrico hibrido; Fusdo de pd; AISilOMg; Gestdo térmica; Canais

conformados; Dissipador de calor; Moldacéo por injecao.



ABSTRACT

Additive manufacturing components for thermal management using reactive materials

Besides the good thermal properties, metallic additive manufacturing (AM) allows a great geometric
freedom in the design of components for thermal management. Thus, the main goal of this philosophy
doctor (PhD) thesis is the study of components for thermal management produced by powder bed fusion
(PBF), with reactive materials, such as aluminium, answering the research question " How much additive
manufacturing contributes to improve the performance of thermal management components?".

First, as the main goal includes obtaining compliant parts at lower costs, the topic of hybrid
manufacturing (HM), which combines additive and subtractive technologies, is addressed. For this
purpose, specimens produced by AM with AISi10Mg aluminium alloy, by conventional machining with
AW-6082 aluminium alloy and by HM, combining both materials, are tested. In the samples with
AISi10Mg, the influence of the stress relief heat treatment, recommended by the supplier, is described.
In each case, physical, mechanical and thermal properties are evaluated to corroborate the eventual loss
of properties caused by HM.

Next, the data and knowledge obtained are applied to the development of active heat sinks (HS),
through numerical simulations, considering different types of cooling. The best HS were experimentally
validated using an apparatus, in order to validate the numerical-experimental agreement. At the end, in
an action-research strategy, a real HS, which is part of an automotive central computer, was optimised
in order to reduce its mass and heat emissions to air.

At the end, all the knowledge previously acquired is applied to design moulding inserts with conformal
cooling channels (CCC). Considering the best channel geometry, AISi1OMg moulding inserts were
produced (later finished via machining) to experimentally evaluate their performance in the injection
moulding (IM) of amorphous and semi-crystalline parts. In the end, considering the hybrid approach
studied throughout this work, the best of both manufacturing methods can be combined, for faster

production and with less material waste.

Keywords: Additive Manufacturing; Laser Cusing; Reactive material; Thermal management; Conformal

cooling; Heat sink; Hybrid manufacturing; Coating; Injection moulding.
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Chapter 1. Introduction

1. INTRODUCTION

The maijor focus of this chapter is to provide a brief overview of the most relevant topics outlined this
doctoral thesis, namely additive manufacturing, reactive materials and thermal management
components. The relevance of optimising these components is emphasized, evidencing a motivation to

the work. The research questions and subsequent objectives are also presented.
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1.1. Contextualization and motivation

Powder bed fusion (PBF), an additive manufacturing (AM) technology, is increasingly used to produce
end use parts. In this process, most of the used powder (95 - 97 %) is not solidified during it, being
reused as it is, which is beneficial for part cost and resource consumption. However, the technology is
not commonly used in industrial applications due to quality and safety concerns, especially when reactive
powders are used, such as aluminium and titanium alloys [1, 2]. Reactive metal powders are the metal
powders whose chemical properties mean that they react spontaneously with oxygen from the
atmosphere. This reaction is dependent on the particle size and the distribution or swirling up in the air.
Swirled-up dust of these reactive metal powders and soot residues can react in the form of a dust
explosion, if flammable swirled-up dust is present in a suitable concentration in a mixture with a gaseous
oxidiser and the ignition energy is exceeded. This ignition energy for soot explosions is so low that they
are capable of spontaneous ignition if there is turbulence [3]. Furthermore, when processing reactive
materials, high chemical purity of such powders is especially important in order to ensure manufacturing
of fully dense parts [4].

Moreover, the trend of industrial products demanding miniaturization, flexibility and reduced energy
consumption continues growing. This situation is required by industries because the consumers desire
more products in less time and at lower cost and, preferably, with differentiation that can be achieved by
new functionality, innovative technologies and/or electronics incorporation. In this context, thermal
management becomes a more a more important element of electronic product design. Performance
reliability and life expectancy of an electronic equipment are inversely related to its temperature, which
can be minimized using appropriate heat sinks. Heat sinks are devices that enhance heat dissipation
from a hot surface, maintaining the device temperature below the maximum allowable temperature
specified by the device manufacturers.

The production of heat sinks by AM considering the use of reactive materials is recent [5]. Geometric
freedom and the inclusion of channels for the active temperature control provided by AM are singular and
disruptive factors in the current state of knowledge. However, in contrast, AM technology may imply the
presence of empty spaces, which translates into a material that is not completely homogeneous in their
structure and density and, as such, may compromise the intended performance. This work will go even
further by proposing a new method of manufacturing heat sinks, combining the production speed of
conventional simple geometries with the geometric freedom of AM, with low waste of raw material.
Moreover, to date and the best of my knowledge, there is no studies regarding thermal properties on

hybrid-manufactured aluminium parts.
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In addition to these thermal management components, the use of AM in the production of moulding
inserts with conformal cooling channels (CCC) for injection moulds has been widely studied, although
mainly using steel or polymers as mould materials, with scarce studies when it comes to aluminium. This
alloy has mainly been studied considering subtractive technologies instead of AM, focusing essentially in
the wear of these tools throughout the injection moulding process and the use of coatings to overcome
this issue. Therefore, this research intends to explore aluminium moulding inserts obtained by AM, with
a disruptive temperature control system, to obtain optimal parts.

According to the described above, the main research question for this study is:

How much additive manuiacturing contributes to improve the performance of thermal

management components?

To answer this research question, it can be divided in four subordinate questions:
a. How much hybrid manufacturing, i.e. combining subtractive and additive technologies,
contributes to the production of optimal aluminium parts?
b. How much AM improves the performance of heat sinks? How close are CAE simulations to
real measurements in predicting thermal management?
c. Which is the general behaviour of aluminium moulding inserts for injection moulding with
transparent materials?

d. How much savings these approaches achieve?

1.2. Objectives

In response to the research question, the main purpose of this doctoral project is the study of thermal
management components produced by AM in reactive materials, namely aluminium. To this end, two
different application will be considered: (i) active heat sinks and (ii) injection moulding inserts with
conformal cooling channels for plastic injection moulds.

To this end, it is expected to achieve the following objectives:

A Characterization and evaluation of the adhesion between aluminium alloys processed by
subtractive and additive technologies as well as the feasibility of the reconstruction of
components produced by AM in reactive material;

A Development and production of additively manufactured heat sinks with reactive material

AISi10Mg, using CAD/CAE software and considering different configurations;
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A Characterization and performance evaluation of heat sinks developed and optimised in a
case study, considering a suitable apparatus for evaluation of the thermal behaviour;

A Development and production of aluminium moulding inserts, via AM, that allow exceptional
thermal management;

A Injection moulding with the previously developed moulding inserts, considering amorphous

and semi-crystalline polymers.

1.3. Thesis outline

This doctoral thesis is structured in five chapters: (1) Introduction, (2) Material characterization, (3)
Heat sinks, (4) Injection moulding inserts, and (5) Conclusions. Chapter 2 has the main objective of
acquiring technical and scientific knowledge to be applied in the development of Chapters 3 and 4 (Figure
1-1). Within each of these chapters, brief notes of the current state of the art related to the theme of the
chapter are presented.

The contents of each chapter are summarized below.

Chapter 1 | Introduction - includes this introduction and provides a brief overview of the most
relevant topics outlined the thesis, namely additive manufacturing, reactive materials and thermal
management components. The relevance of optimising these components is emphasized, evidencing a

motivation to the work. The research questions and subsequent objectives are also presented.

Chapter 2 | Material characterization - intends to answer the first question “How much hybrid
manufacturing, that is, combining subtractive and additive technologies, contributes to the production of
sustainable aluminium parts and without significant loss of properties?”. To this, specimens produced by
additive manufacturing with AISi10Mg, by conventional machining with AW-6082 aluminium alloy and by
hybrid manufacturing are tested. In AISi1OMg samples, the influence of the stress relief heat treatment,
recommended by the supplier, is reported. In each case, physical, mechanical and thermal properties
are evaluated to corroborate the eventual loss of properties caused by hybrid manufacturing. In addition,
a flexural test is done on a functional part, previously made in AW-6082 and rebuilt by additive
manufacturing, demonstrating the potential of hybrid manufacturing in repairing and building of

sustainable components.

Chapter 3 | Heat sinks — intends to answer the research questions (b) and (d). To this, different
active heat sinks were evaluated via computational fluid dynamics (CFD) simulations, considering different

types of cooling. The best heat sinks designs were experimentally validated on a testing apparatus to

4
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compare with the simulated results. In the end, in an action-research strategy, a case study involving an
automotive central computer with a heat sink was optimized through hybrid manufacturing to reduce heat

emissions to air and car weight.

Chapter 4 | Injection moulding inserts — intends to answer the research questions (c) and (d). To
this, different conformal cooling channels designs were evaluated via numerical simulations. The best
design was applied to aluminium moulding inserts to experimentally evaluate their performance moulding
amorphous and semi-crystalline parts. In the end, considering the hybrid approach studied throughout
this work, it is evidenced the potential in combining the best of both methods for a faster production with

less material waste.

Chapter 5 | Conclusions — summarizes a general overview of the work developed and proposals for

future research on the subjects covered and beyond.
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MATERIAL CHARACTERTZATION

Additive manufacturing, (AM)-
+ AISIIOMg [CL 31AL a5 buit;
Subtractve mamufacturing:
|Etandard of comparizon)
+ AWG0B2 Hybrid o e
*  AW-E032 + AISIIOMg, as buit.
AWEDEZ + AISI1OME, haat traated.

Characterization cycle for each material:

Preduction of
spacimens

Physical
Dimensicnal :
; properties
properties
Analysis of Mechanical
micrestructure propertiss

Thermal properties

AISI10Mg (CL 31AL), hest traated.

Development and analysis of:

HEAT SINKS

Heat sinks design:

Fins and/or Pins and/or Lattices;
= Height-width ratig;

Internal microchannels.

% SOLIDWORKS
\nsys

TROMEIETATVG DI
Production via additive manufacturing

Processes characterised by the presence of veids.

Mumerical — experimental agreement

CASE STUDY

A new method of production:

Hybrid Man.facturing,

INJECTION MOULDING INSERTS WITH CONFORMAL COOLING CHANNELS

Moulding insert optimizatiort

Moldex3D
Injection moulding
process \nsys
Mechanical
parformance

Conformal cooling
channels designs

% SOLIDWORKS
Maldex3D “ -
A%
—
pecitne | |
manufacturing II {

| Preduction via additive and

Subtractve | hybrid manufacturing

manufacturing .'—.—:

REOMSETATIG DICLIR.

Injectionmoviding:

Instrumentation with type-K thermecouples and pressure Sensors.

Techinical-scientific knowledge

Figure 1-1. Infographic summarizing the doctoral project.



Chapter 1. Introduction

(1]
(2]
(3]
(4]

(5]

1.4. References

Wohlers TT, Campbell |, Diegel O, et al. Wohlers report 2022: 3D printing and additive manufacturing global state of the
industry. 2022.

Lutter-Glinther M, Broker M, Mayer T, et al. Spatter formation during laser beam melting of AlISi10Mg and effects on
powder quality. In: Procedia CIRP. Elsevier B.V., 2018, pp. 33-38.

Concept Laser GmbH. M2 cusing Single-Laser/Dual-Laser | Manual de operacdo, www.concept-laser.de (2015).
Moghimian P, Poirié¢ T, Habibnejad-Korayem M, et al. Metal powders in additive manufacturing: A review on reusability
and recyclability of common titanium, nickel and aluminum alloys. Additive Manufacturing, 43. Epub ahead of print 1
July 2021. DOI: 10.1016/j.addma.2021.102017.

Wong KK, Ho JY, Leong KC, et al. Fabrication of heat sinks by Selective Laser Melting for convective heat transfer
applications. Virtual Phys Profotyp 2016; 11: 159-165.



2. MATERIAL CHARACTERIZATION

This chapter intends to answer the question “How much hybrid manufacturing, that is, combining
subtractive and additive technologies, contributes to the production of sustainable aluminium parts and
without significant loss of properties?” To this, specimens produced by additive manufacturing with
AISi10Mg, by conventional machining with AW-6082 aluminium alloy and by hybrid manufacturing are
tested. In AISi10Mg samples, the influence of the stress relief heat treatment, recommended by the
supplier, is reported. In each case, physical, mechanical and thermal properties are evaluated to
corroborate the eventual loss of properties caused by hybrid manufacturing. In addition, a flexural test is
done on a functional part, previously made in AW-6082 and rebuilt by additive manufacturing,

demonstrating the potential of hybrid manufacturing in the building of sustainable components.
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2.1. Introduction

Aluminium is one of the most abundant metals in the earth's crust. Aluminium is available with a
purity level of 99 %, with low specific weight, excellent corrosion resistance, high strength and stiffness,
good formability, weldability and high electrical and heat conductivity. However, without the presence of
other alloy elements, aluminium has a tensile strength of only 90 MPa, making it very ductile. For this
reason, to improve mechanical properties or to change the microstructure, it is necessary to add some

elements [1]. Among the possible constituents of an aluminium alloy, the following are the most popular

[2]:
A Copper (Cu): improves mechanical strength and hardness but, in specific compositions and
material conditions, increases stress-corrosion susceptibility;

A lron (Fe): improves strength at high temperatures but also the embrittlement of the

microstructure;

A Magnesium (Mg): widely used in application requiring bright surface finish, excellent response to

chemical finishing, corrosion resistance and attractive combinations of strength and ductility;

A Silicon (Si): improves fluidity, hot tear resistance and feeding characteristics;

A Titanium (Ti): refines the grain structure and reduces internal stresses.

AISi10Mg alloy is a series 6 aluminium alloy with silicon content between 9 % and 11 % and
magnesium content between 0.2 % and 0.45 %. This aluminium alloy combines good strength and
thermal properties with low weight and flexible post processing possibilities. It can be used for production
of lightweight components in the field of automotive and aerospace industries with high mechanical and
dynamic loads [2-4].

When using this aluminium alloy in additive manufacturing, components are manufactured by means
of powder bed fusion (Figure 2.1). Firstly, a layer of powder is laid on a substrate of the same material
as the powder that is placed on a z-axis moving platform. The work chamber is filled with argon or nitrogen
gas to provide an inert environment. Secondly, a diode pumped Yb-Fibre continuous wave laser scans the
cross-section area (xy plan) of the part design, sintering the powder particles which then fuse and solidify
to form a solid part. Thirdly, the platform will descend to allow a second layer of powder over the first

layer and the laser will then process and fuse again the powder particles. The process repeats itself until

the part is fully produced [5, 6].
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Figure 2-1. Schematics of powder bed fusion technology.

Figure 2.2 (left) shows a Scanning Electron Microscope (SEM) micrograph of AlSi10Mg powder for
additive manufacturing. The powder particles can be considered spherical with some small irregular
particles attached to the big ones. Figure 2.2 (right) shows the size distribution of the powder, with an

average particle size of 35 um. The unsymmetrical distribution can be caused by the irregular powder

morphology mentioned before [5, 7].

Volume/%
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Particles size/num

Figure 2-2. SEM micrograph showing the morphology of AISi10Mg powder for additive manufacturing (left) and powder size distribution
(right) (adapted from [7]).

2.2. Research status of aluminium hybrid parts

Metal additive manufacturing technologies enable the production of complex geometries. However,
high manufacturing costs hinder these technologies from being employed in some industries. A cost-
effective hybrid strategy can be a good solution to achieve the best of additive and subtractive
technologies, i.e., complex geometries at a lower cost, with good properties. Therefore, the concept of
hybrid manufacturing consists of building a complex portion of a part by additive manufacturing on a
simple pre-machined simple base substrate. Behind this, this approach can also be favourable in the
restoration of damaged parts, offering significant economic advantages [8].

Hybrid manufacturing was proposed by Boivie ef a/. [9] for application in steel injection moulding
inserts with conformal cooling channels and replicated by some other authors [10-12]. The results

showed that the production cost using hybrid manufacturing technology can be reduced up to 20 % with
10
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respect to tool inserts made entirely with additive manufacturing [10, 12]. According to the authors, the
best cost-benefit can be achieved when 65 % of the part is produced by subtractive manufacturing and
the remaining 35 % by additive manufacturing [11].

The interface analysis between both technologies considering steel substrates and powders have
been successfully investigated, mainly employing uniaxial tensile tests combined with microstructure
observation. Even with a strong fusion bonding at the interface boundary between the additive powder
and machined substrate, there is a compromise in tensile strength. Mostly, fracture occurred in the
interface although, sometimes, it can occur in the side of the weaker material, away from the interface,
depending on the substrate material and the heat treatment applied [12-16]

However, studies with hybrid-built reactive materials such as aluminium are more limited. Chan et
al. [17] evaluated the interface bonding integrity, in terms of microstructure and mechanical properties,
of powder AlSi1OMg and three types of substrate aluminium alloys: AW-5083, AW-6061 e Alumec 89,
whose chemical compositions are shown in Table 2-1 [3, 18-20]. Microstructure analysis revealed
excellent powder-substrate fusion and tensile specimens ruptured at the side where the material was of
lower strength. Optical microscopic examinations revealed good adhesion of deposited powder onto the
substrate, mainly with Alumec 89. Although this was not the aluminium alloy with the most similar
chemical composition to the additive manufacturing alloy, the higher amount of zinc lead to higher

solubility and provided a solderable surface [21].

Table 2-1. Chemical composition of the aluminium alloys studied by Chan et al. [17].

AISil0OMg AW-5083 AW-6061 Alumec 89
Al Balance Balance Balance Balance
Si 9%-11% <0.40% 04%-08% | <1.20%

Mn <0.45% 04%-10% <0.15% <1.50 %

Fe <0.55% <0.40 % <0.70 % <1.40%
Mg | 0.20%-0.45% | 40%-49% | 0.8%-12% | <3.70%
Zn <0.10% <0.25% <0.25% <12.0%

Later, the same authors fabricated injection-moulding inserts using the hybrid additive—subtractive
strategy. 5083-H116 wrought aluminium alloy was selected as the substrate material and a time saving
close to 27 % was achieved (compared with fully additively manufactured moulding inserts) [22].

Based on this, to the best of my knowledge, in addition to the fact that there are no studies evaluating
AISi10Mg+AW-6082 hybrid parts, there are also no studies assessing the thermal properties of hybrid
parts, regardless of constituent alloys. Following this, in the next pages of this chapter, a complete

characterization is made, including physical, thermal, mechanical and dimensional properties of
11
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components produced in AlSi10Mg by additive manufacturing, in AW-6082 by subtractive manufacturing

and combining both materials and manufacturing methods.

2.3. Materials and experimental methodology

2.3.1. Materials

Considering the powder material used for additive manufacturing - AISi10Mg -, it was selected a
widely used aluminium alloy with similar chemical composition available indoor as substrate: AW-6082.
This alloy has excellent mechanical characteristics and good corrosion resistance and it is widely used in
construction structural elements, machine elements, home appliances, high precision parts and
shipbuilding applications [23]. Chemical composition of both alloys is recorded in Table 2-2 and datasheet

of these materials can be found in Appendixes 1 and 2.

Table 2-2. Chemical composition of the aluminium alloys considered in this study [3, 23].

AISi10Mg AW-6082
Al Balance Balance
Si 9%-11% 0.7%-13%
Mn <0.45% 0.4%-10%
Fe <0.55 % <0.50 %
Mg | 0.20%-0.45% | 0.60 %-1.20 %

2.3.2. Methodology

According to the manufacturer, after the production of AlISi10Mg aluminium alloy components in the
Concept Laser M2 Cusing equipment, a heat treatment must be carried out to release stresses. For this
reason, the properties of this alloy with and without heat treatment are analysed. AW-6082 aluminium
alloy is already supplied with T6 heat treatment [3, 23]. So, for the physical, mechanical and thermal
characterization, specimens were produced in accordance with Table 2-3 in each of the following stages:

A AISi10Mg without heat treatment;

A AISi10Mg with heat treatment;

A AW-6082;

A AISi10Mg + AW-6082 without heat treatment;
A

AISi10Mg + AW-6082 with heat treatment

12



Chapter 2. Material characterization

Table 2-3. Experimental tests, specimens and standards.

Characterization Property Specimen Nr of specimens Standard
Physical Density (compressive specimens) - -
38,00
Uniaxial ‘ ‘
= 5 ASTM E9 [24]
compression I
LQDQR’ -‘%Qo
o L
Mechanical Uniaxial tension \ \\\ 5 ASTM ES8 [25]
000\9.00 A \\\\ ,"D’l
Fracture (mode ) 5 ASTM E399 [26]

Thermal

Thermal

conductivity

Specific heat

(fractured specimens)

ASTM E1269 [27]

Coefficient of

thermal expansion

(fractured specimens)

ASTM E831 [28]

2.3.3. Production of specimens

AISi10Mg additively manufactured specimens

AISi10OMg additively manufactured specimens were produced in Concept Laser M2 Cusing

equipment, vertically oriented to facilitate the subsequent hybrid manufacturing. They were produced in

a single batch with layer thickness of 25 um, as it is known that a smaller layer thickness will improve

the tensile strength and strain [29]. The remaining parameters were a laser power of 370 W with a spot

size of 190 um, scanning speed and hatch spacing of 1400 mm/s and 112 um, in an atmosphere inert

with nitrogen to prevent oxidation and reactivity, with a maximum oxygen content of 0.2 %. In each

production layer, the sintering area was divided into several islands (Figure 2-3) measuring 5 mm. For
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each consecutive layer, the pattern is shifted 1 mm and rotated 90° to reduce discontinuities between

the perimeters of the islands [30].
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Figure 2-3. Schematic of the strategy used in the production of components by additive manufacturing [30].

After producing the specimens and removing supports, the stress relief heat treatment
recommended by the manufacturer was carried out in some samples (i) heating them up to 240 °C (in
one hour), (ii) maintaining the temperature for six hours, (iii) cooling, in the oven, to 100 °C and (iv)

cooling completely in the ambient atmosphere [3].

AW-6082 conventional manufactured specimens

The production of the AW-6082 aluminium specimens was carried out in the DMG Mori DMU 50
machine, using the appropriate tools and coolant. Each typology was produced according to different
batches and programs, using milling cutters with 12 mm of diameter, at 6000 rpm and feed rate of 2000

mm/min, cooled with an emulsion with cutting oil and water.

AISi10Mg+AW-6082 hybrid specimens

To produce hybrid specimens, three types of solid substrate blocks were designed and
manufactured through CNC machining in AW-6082 aluminium alloy: one for tensile and compressive
tests, other for fracture tests and other for thermal conductivity tests. All substrate blocks were mounted
to the pre-machined building plataform for the equipment Concept Laser M2 Cusing (Figure 2-4) and
fixed with M3 screws. Before start the production of the additively part, it was ensured that the surfaces
of the machined substrates were perfectly aligned to ensure proper calibration of the additive
manufacturing process [12].

After a detailed positioning in Magics software, the remaining half specimens were produced by
additive manufacturing. Then, all specimens were obtained from the hybrid-built parts by milling (Figure

2.5).
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Figure 2-5. Production of hybrid specimens.

2.4. Characterization of additive, subtractive and hybrid aluminium parts

Even hybrid manufacturing is pertinent for a reduction in manufacturing time and costs, the

characterization of the parts produced by this strategy must be done to ensure the best performance of
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the component to be applied. In this work, some physical, thermal, mechanical and dimensional

properties are evaluated.

2.4.1. Physical properties

Powder bed fusion (PBF) technologies show potential for fabricating a vast number of components
requiring good mechanical and thermal properties, such as heat sinks and injection moulding inserts, as
they can process parts of high relative density. Understanding porosity formation aids in improving parts’
quality when applied in industry [31-33]. According to some authors, the application of heat treatment
on AISi10Mg samples may reduce density due to the exposure to high temperatures and, the more is
treatment duration and/or temperature, the less can be the density [34, 35].

In this work, the Archimedes principle was used to measure parts’ density. According to this
principle, the volume of an immersed solid is equal to the volume of the displaced volume. Thus, a solid
immersed in a liquid is exposed to the buoyancy force which, in turn, is equal to the weight of the liquid
displaced by the volume of the solid. The specific density of the solid is calculated using Equation 2-1,

where & B a hp represents the buoyancy force.

Equation 2-1. Specific density using Archimedes' principle.

, o f b

The procedure for determination of density was performed on an analytical balance AS 220.R2 from
Radwag with density kit. Based on five samples, the average density obtained for conventionally, additively

and hybrid manufactured aluminium parts is resumed in Table 2-4.

Table 2-4. Density measurements for conventionally, additively and hybrid manufactured specimens.

AISi10Mg AISi10Mg AW-6082/AISi10Mg AW-6082/AISi10Mg
(as-built) (heat treated) (as-built) (heat-treated)

AW-6082

2.757+0.008 g/cm: 2.641+0.007 g/cm: 2.645+0.005 g/cm: 2.727+0.004 g/cm: 2.717+0.002 g/cm:

Regardless of the heat treatment, the density of components produced by additive manufacturing is
about 96 % of the density of components produced by subtractive manufacturing. With the hybrid
approach, as expected, the density gets close to that of the AW-6082 aluminium alloy. In hybrid samples,
the application of heat treatment decreases the density. However, this effect is not the same on the

additively manufactured ones, where density was independent on the heat treatment applied.
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2.4.2. Thermal properties

Although thermal properties of an equivalent aluminium bulk material may be known, the use of
additive manufacturing as processing technique can result in different values. Uncertainties in the thermal
properties may induce under or overvalued results in thermal management applications, when predicted
by numerical simulations [36]. For this reason, to better understand the material and bring the posterior

simulation processes as close as possible to reality, its thermal characterization is an important step.

Specific heat capacity

Specific heat capacity is the quantification of energy required to increment material’s temperature
in one degree. Literature values of specific heat capacity reported for AlSilOMg additively manufactured
alloy vary from about 0.73 J/kg°C to 1.10 J/kg°C, depending on the test temperature [37-39].

In this work, specific heat capacity under constant pressure was measured using a differential
scanning calorimeter (DSC) (Netzsch 200 F3) at the 30 °C — 200 °C temperature range, with a heating
rate of 10 °C/min and in isothermal period of two minutes at the beginning and at the end of the test.
Heat flow signals for the sample and the sapphire (a calibration standard of known specific heat capacity)
are compared, according to ASTM E1269 [27] and heat capacity is given by Equation 2-2, where

0 p and O f represent the specific heat of the sample and the sapphire, & and
a represent the masses and ® ,® and e represent the signal obtained by DSC
(in mW) for the sample, sapphire and baseline, respectively.

Equation 2-2. Heat capacity using DSC signal

& . Yoe oy
& . Y. Y

0 0

Representative curves of specific heat capacity along temperature recorded for conventionally,
additively and hybrid manufactured specimens is shown in Figure 2-6 and raw data are available in

Appendix 3.

17



Chapter 2. Material characterization

12

L T e I

1 e
) i
=] P
S 09
= p——
g [ i
a 08 - - -
& - i
Q e =
3 - -
I 07 - - - -
=T e AISI10Mg as-built
06 T e AlSi10Mg heat-freated
——— AW-6082
05 — — - AW-B082&AISi10Mg as-built
— - — AW-B082&AISi10Mg heat-treated
0.4
20 40 60 20 100 120 140 160 180 200

Temperature (“C)

Figure 2-6. Representative curves of specific heat capacity vs temperature recorded for conventionally, additively and hybrid manufactured
specimens.

As expected, specific heat capacity increases with temperature for all cases. AISi10Mg aluminium
alloys have a higher specific heat capacity, mainly in heat-treated samples. Specific heat capacity of AW-
6082 is lower. However, the lowest specific heat capacity is achieved in heat-treated hybrid samples. This
means that the joint between the two materials has not so good effects on this property. Generally, a high
specific heat capacity is desirable because it means that a material can absorb more energy, which may

help to prevent overheating in the electronic components.

Thermal expansion

The thermal expansion describes how the size of an object changes with a change in temperature.
Engine parts and heat sinks used in cars are often produced from Al-Si alloys due to their low coefficient
of thermal expansion (CTE), high wear resistance and the high strength-to-weight ratio [40, 41].

Gumbleton et al. [41] evaluated the coefficient of thermal expansion of additively manufactured
AISi10Mg aluminium alloy using microwaves techniques over a temperature range between -267 °C and
177 °C and showed that the material under test exhibits lower thermal expansion when compared with
an equivalent bulk aluminium alloy (~ 21x10- °C-). For higher temperatures, Strumza et al. [42]
demonstrated that, above 400 °C, the samples showed anomalous thermal expansion attributed to
thermally induced porosity:. Based on other studies, CTE increased as the temperature increased and

there is no dependence on the polar angle up to approximately 120 =C [34, 38, 43].

! Thermally induced porosity (TIP) is a process by which the material swells during heating when pores expand under increasing internal pressure.
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In this work, the coefficient of thermal expansion (CTE) was determined through Dynamic Mechanical

Analysis (DMA) using the equipment Q800 from TA Instruments. Tests were performed between 30 °C

and 200 °C at a frequency of 1 Hz for three samples in each case. The change of the specimen length

was electronically recorded as a function of temperature (Figure 2-7) and the calculated coefficient of

thermal expansion is resumed in Table 2-5.
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Figure 2-7. Representative curves of CTE vs temperature recorded for conventionally, additively and hybrid manufactured specimens.

Table 2-5. Averaged coefficient of thermal expansion (between 20 °C and 200 °C) for conventionally, additively and hybrid manufactured

specimens.
AW-6082 AISi1OMg AISi1OMg AW-6082/AISi10Mg AW-6082/AISi10Mg
(as-built) (heat treated) (as-built) (heat-treated)
CTE (um/m°C) 25.81 + 0.56 21.92 + 0.65 21.85 + 0.53 22.46 + 0.53 21.69 +0.77

According to Figure 2-7 and Table 2-5, AISi10Mg and hybrid parts exhibit less a thermal expansion

coefficient when compared to AW-6082 aluminium alloy, due to the high amount of silicon present [40].

Stress relief heat treatment reduced this coefficient, being this reduction more relevant in hybrid-

manufactured samples.

Thermal conductivity

The complex microstructure of geometrically imperfect particles, i.e., irregular shapes and/or the

presence of cavities, and eventual temperature variations, significantly influence the thermal conduction

behaviour of additively manufactured parts [43, 44]. The higher conductivity of aluminium alloys allows

higher thermal diffusivity and results in less heat accumulation in thermal management components [45].
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According to some authors, there is a slight difference in thermal conductivity of samples built in-
plane or and along build orientation, being around 20 W/m°C lower for the samples of the first case. This
anisotropy may be due to several factors and can be decreased through heat treatments [34, 43]. Table
2-6 shows thermal conductivity values obtained by different authors, considering as-built samples, for a

reference temperature of 150°C.

Table 2-6. Literature thermal conductivity values for different orientations.

x-orientated z-orientated
Yang et al. [34] 110 W/m°C 130 W/m°C

Strumza et al. [43] 160 W/m°C 185 W/m°C

In this study, the thermal conductivity of the samples was measured with a hot disk analyser TPS
2500S. The hot disk method uses a flat sensor element in the shape of a double spiral that is covered
on both sides with two layers of electrically insulating film [46]. During the measurements, the hot disk
sensor is sandwiched between two sample halves of the material to be investigated, each one with a
plane surface (previously polished) facing the sensor, as illustrated in Figure 2-8. Samples and sensor
are firmly clamped together, making sure that there is no air gap between the sensor and the sample

surfaces.

Samples «

Figure 2-8. Mounting the sample and centering the sensor in hot disk thermal constants analyzer (adapted from [47]).

The sensor acts both as a heat source for increasing the temperature of the sample and as a
resistance thermometer for recording the time-dependent temperature increase. During the experiment,
constant electric power is supplied to the hot disk sensor. This causes a temperature increase, which is
dependent on the thermal transport properties of the material. By monitoring this temperature increase
over a short period of time, it is possible to evaluate the thermal conductivity of the material. The solution

of the thermal conductivity equation is based on the assumption that the sensor is located in a semi-
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infinite material, i.e., the thermal wave generated in an experiment must not reach the outside boundaries
of the sample pieces during the transient recording [46].

In this work, considering the sample height of 20 mm, the probing depth was set at 12 mm, with a
measurement time of 1 second and a heating power (P) of 1.39 W, calculated based on Equation 2-3,

where ris the sensor radius and d the theoretical thermal conductivity of the material (Appendix 1).

Equation 2-3. Heating power required for the calculation of thermal conductivity [47].

L Gi_

Based on three measurements, thermal conductivity of conventionally AW-6082 and additively-
manufactured AISi1OMg samples was calculated and is reported in Table 2-7. In the hybrid samples, the
faces in contact with the heat source are in AW-6082, taking into consideration that, in a hybrid heat sink,

that will be the face in contact with the printed circuit board (PCB).

Table 2-7. Thermal conductivity reported for conventionally, additively and hybrid manufactured specimens.

AW-6082 AISi10Mg AISi10Mg AW-6082/AISilOMg | AW-6082/AISi10Mg
(as-built) (heat treated) (as-built) (heat-treated)
k (W/mK) 133.2+1.1 165.0 + 2.4 165.9+0.2 167.4+1.0 137.4+1.8

Results show that AISi10Mg aluminium alloys have around 24 % higher thermal conductivity,
regardless of the heat treatment, comparing to AW-6082 which showed the lowest thermal conductivity
value. Hybrid samples presented values highly influenced by the application of the heat treatment.
Moreover, it is important to highlight that stress relief heat treatment also lowered results dispersion in

AISi10Mg samples.

Thermal diffusivity

Thermal diffusivity measures the material’s ability to transmit heat relative to its ability to store heat.
It can be estimated based on specific heat capacity, on thermal conductivity and on density

measurements at room temperature, according to the equation:

Equation 2-4. Thermal diffusivity.

For thermal management appliances, designed to carry the heat out and away from another piece
of equipment, high thermal diffusivity is required to enable the quick transport of the heat. That is, part
of the heat is stored, and the remaining is conducted in accordance with the thermal diffusivity of the

material [48]. Some authors have already reported experimental values for AlSi10Mg thermal diffusivity,
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which vary between 0.073 and 0.090, depending on the building orientation and on stress relief heat
treatment application [34, 38, 46].

Table 2-8 presents the results obtained for thermal diffusivity (U of the additively, conventionally and
hybrid manufactured samples, applying the Equation 2-4 and considering the average values of thermal

conductivity and specific heat capacity at room temperature (Appendix 3).

Table 2-8. Averaged thermal diffusivity for conventionally, additively and hybrid manufactured specimens, at room temperature.

AW.6082 AISi10Mg AISi10Mg AW-6082/AISi10Mg AW-6082/AISi10Mg
(as-built) (heat treated) (as-built) (heat-treated)
d (mmz/s) 0.066 0.068 0.067 0.090 0.087

Among the five alloys considered, hybrid manufacturing shows advantages for thermal management
applications, once alloys with higher thermal diffusivity can easily dissipate heat. Thermal diffusivity of

hybrid samples is up to 34 % higher than thermal diffusivity of AISi10Mg.

2.4.3. Mechanical properties

AlISi10Mg additively manufactured parts can have mechanical properties comparable to those of
conventionally manufactured AISi1OMg because of the very fine microstructure and fine distribution of
the silicon phase [4, 7, 49-56]. Mechanical properties are worse when the largest dimension of the
specimens coincides with the building direction, i.e., vertically orientated. This is related to the periodical
remelting directions and the separation between weakly bonded layers [4, 57]. As mentioned before, to

facilitate the subsequent hybrid manufacturing, this was the orientation considered in this study.

Tensile properties

There is a vast number of studies regarding tensile properties of AlISi10Mg components produced
by additive manufacturing. The influence of building orientation and of the heat treatment applied as well
as comparison with conventionally cast AISi10Mg parts are the main topics reported in literature. Table
2-9 resumes some relevant work regarding tensile properties of AISi1OMg parts vertically oriented,
considering the influence of heat treatment. In most cases, the application of some post treatment caused
a decrease in the strength with an increase in elongation at break. The higher the time and the

temperature of the heat treatment applied, more significant are these variations.
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Table 2-9. Reference studies regarding the influence of heat treatment on tensile properties.

Machi Heat Test velocity UTS: Yield strength 0.2% Elongation at
achine ) Reference
treatment (mm/min) (MPa) (MPa) break (%)
N.A. 476 220 5.5
EOS M280 300°C; 2h 1.0 290 175 14.2 [58]
530°C; 6h 245 139 18.1
N.A. 468+1 5.4
CL M2 Cusing 300°C; 2h 0.5 342+5 - 6.5 [30]
200°C; 2h 478+1 3.0
N.A. 414+3 21442 4.4+0.1
EOS M290 1.0 [59]
270°C; 1.5h 378+1 215+10 4.2+0.4
N.A. 351.9 242.8 2.8
300°C; 2h 336.9 212.2 5.7
EOS M280 2.0 [61]
540°C; 2h 259.3 186.1 7.6
540°C; 6h 276.1 231.2 4.3

Terrazas-Najera et al. [60] reported the effect that powder bed fusion process interruptions have on
simple geometries made of AISi1OMg. Systematic experiments were carried out with programmed
process interruptions lasting one hour and simulating a stop to refill the system with powder, or an
unexpected power outage. Mechanical and microstructural properties remained essentially unchanged.

Chan et al. [17, 22] studied the interface bonding integrity in terms of mechanical properties of
AISi10Mg hybrid manufactured specimens. Stress-strain curves show that there was no necking or further
elongation of the specimen after the maximum tensile stress was reached. Fracture happened
instantaneously straight after, at a position well away from the bonded interface. Comparison of

mechanical strength of the different combinations of materials evaluated is shown in Table 2-10.

Table 2-10. Hybrid specimens’ tensile properties reported by Chan et al. [17, 22].

Materials Yield strength 0.2% (MPa) | UTS (MPa) | Elongation at fracture (%)
AISi10Mg as-built - 470 + 2 6
AISi10Mg heat-treated 230 350 11
AW-5083 239 312 14
AW-6061 - 311 11
Alumec 89 - 590
AISi10Mg/AW-5083 200 319 7.4
AISi10Mg/AW-6061 - 319 7.8
AISi10Mg/Alumec89 ; 481 8.2

2 Ultimate tensile strength.
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In this work, tensile properties of AISi10Mg as-built and heat treated, AW-6082 and hybrid specimens
as-built and heat treated were determined through uniaxial tests carried out in the Instron 5969 Universal
Testing System. In each case, five specimens were tested at 1 mm/min with a 50 kN load cell at room
temperature. ASTM E8 standard [25] was followed and the results are compiled in Figure 2-9 and Table

2-11.
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Figure 2-9. Representative tensile stress-strain curves recorded for conventionally, additively and hybrid manufactured specimens.

Table 2-11. Tensile properties of conventionally, additively and hybrid manufactured specimens.

Young's modulus | Yield strength: | Elongation at | Ultimate tensile Elongation at
(GPa) (MPa) yield (%) strength (MPa) break (%)
AISi10Mg as-built 556 +1.1 85.6+4.4 0.27 £0.02 336.0 +12.2 3.56 + 0.37
AISi10Mg heat-treated 64.9 +0.3 111.5+94 0.30 £ 0.06 322.3+26.3 3.29+0.40
Datasheet values* =75 205 +3 - 344 + 2 6+1
AW-6082 83.7+1.3 182.7 + 10.7 0.62 £ 0.06 422.0+79 499 +0.79
Datasheet values =70 110 - 260 - 205-310 8-12
AW-6082/AISi10Mg 59.4+0.5 1025+9.7 | 029+007 | 227.0+193 | 1.32+0.63
as-built
AW-6082/AISi10Mg 59.7 + 1.1 88.4+89 0.27 +0.05 | 268.2+123 1.76 + 0.38
heat-treated

s At.2 % of strain.
+ After the recommended stress relief heat treatment.
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By analysing the data, the tensile properties of specimens produced by additive manufacturing are
improved when heat treatment is applied. Young's modulus and yield strength increase by approximately
17 % and 30 %, respectively. Contrarily, the properties at break suffer a slight decrease of 4 % in ultimate
tensile stress and 7% in the respective strain. By images acquired with Leica DMS1000 low-magnification
microscope after rupture (Figure 2-10), differences are visible in the specimen shell which, after heat

treatment, appears to have less voids.

Figure 2-10. Low-magnification microscope images of AISil0Mg specimens before (left) and after (right) heat treatment.

With bare eye, the rupture of the hybrid specimens occurred, in all cases, in the interface between
the two manufacturing methods. However, by images acquired with Leica DMS1000 low-magnification
microscope after rupture, it is concluded that, in the conventional half, some characteristic details of the
additive manufacturing process are visible, which indicates that the rupture occurred in the interface area,

after the first additive manufacturing layers (Figure 2-11).

Figure 2-11. Microscopic observation of additive (left) and conventional (right) parts of an as-built AW-6082+AISi10Mg specimen, after the
tensile test.

Mode-| fracture properties

AISi10Mg PBF samples can revealed similar fracture toughness results as conventional bulk
materials, namely toughness (Kc) values in the range from 36 to 60 MPav'm [61, 62]. According to Araujo

et al. [63], the application of a stress relief heat treatment can improve fracture toughness.
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In this work, fracture toughness of AlISi10Mg as-built and heat treated, AW-6082 and hybrid as-built
and heat treated specimens was evaluated through samples fabricated according to ASTM E-399
standard [26] and were subject to mode-l fracture toughness tests. The notches were implemented in a
subsequent milling procedure and the evaluation was undertaken as outlined in the standard. Instron
5969 Universal Testing System with a maximum load of 50 kN was utilized. The tensile test was carried
out with a crosshead speed of 1 mm/min. The crack-mouth opening displacement was measured
immediately after the test using a Leica DMS1000 low-magnification microscope and ImageJ software.

According to ASTM-E399 standard [26], the specimens’ fracture toughness is calculated according
to Equations 2-5 and 2-6, for which £ is calculated by evaluating the intersection point between the
original load-displacement curve and a 95 % secant line, based on the elastic gradient of the load-
displacement curve. £ is subsequently used to calculate A.. Moreover, Fis the specimen thickness, W

the specimen width and athe crack size.

Equation 2-5. Fracture toughness.

o W

cC-

S~

Equation 2-6. Coefficient crack-size/specimen-width.
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If the conditions of Equation 2-7 were valid, the fracture toughness values are deemed effective and
) U . In this work, both validity requirements were valid in all cases and mode-| fracture results are

compiled in Figure 2-12 and Table 2-12.
Equation 2-7. Conditions to deem when calculating fracture toughness.
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Figure 2-12. Representative load-displacement curves recorded for conventionally, additively and hybrid manufactured specimens on
mode-| fracture testes.

Table 2-12. Mode-| fracture properties of conventionally, additively and hybrid manufactured specimens.

Maximum stress | Displacement | Young's modulus | Crack size Ke
(" ) (MP2) 0N " nee(mm) (GPa) (mm) (MPavm)
AISi1OMg as-built 415+2.1 1.43+0.14 1.95 + 0.30 224+08 | 50.3+8.2
AISi10Mg heatreated 41.6+0.9 1.77+0.19 1.08+0.15 208+02 | 43.0+19
AW-6082 86.9 + 4.3 3.00 + 0.52 3.37+0.53 212+13 | 448+90
AW-6082 + AISi10Mg 243+51 0.73+0.26 3.23+0.40 215+19 | 27.3+6.3
As-built
AW-6082 + AISi10Mg 219+24 0.82 + 0.24 2.28 +0.28 225+19 | 255452
Heat-treated

From the analysis of the results, it was verified that fracture toughness under mode | and the
maximum supported stress of the hybrid specimens are lower than those of the specimens produced by
a single manufacturing method, even though the crack propagation remains similar. The application of
the stress relief heat treatment on the hybrid specimens slightly decreased the maximum stress and
fracture toughness.

Through images acquired with Leica DMS1000 low magnification microscope (Figure 2-13), on the
hybrid specimens, the crack propagated steadily and uniformly on the additive manufacturing side,
regardless of the application of the stress relief heat treatment. These conclusions are in accordance with

what was verified in the tensile tests (Figure 2-11).
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Figure 2-13. Crack propagation on a hybrid specimen without (left) and with heat treatment (right), after the mode | fracture test.

Compressive properties

Most of the compressive studies considering AISi10Mg aluminium alloy have been directed for
cellular lattice structures [64-69] or other similar and lightweight structures that exhibit a relatively high
impact energy absorption [70, 71]. One of the first compression studies using solid blocks was done by
Hitzler et al. [55]. According to their results, the obtained compressive modulus exceeded not only the
equivalent tensile modulus but also the compressive modulus of the conventionally fabricated bulk
material. Results were similar for yield and fracture strengths. Aboulkhair ef a/. [72] recorded significantly
higher compressive yield strength for the as-built material, when compared with heat treated (T6%)
samples. Nevertheless, both as-built and heat-treated materials demonstrated the ability to withstand high
compressive strains as they barrelled and buckled during compression with no evidence of fracture. They
also verified that porosity was not critical because the nature of loading tends to close the pores,
consolidating the defected regions.

In this work, compressive properties of AlISi10Mg as-built and heat treated, AW-6082 and hybrid
specimens as-built and heat treated were determined through uniaxial tests carried out in the Instron
5969 Universal Testing System. In each case, five specimens were tested at 1 mm/min with a 50 kN
load cell at room temperature, up to the limit of the load cell. ASTM E9 standard [24] was followed and

the results are compiled in Figure 2-14 and Table 2-13.

s T6 heat treatment is a two-phase process which is applied to aluminium alloys to increase the strength of the alloy.
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Figure 2-14. Representative compressive stress-strain curves recorded for conventionally, additively and hybrid manufactured specimens.

Table 2-13. Compressive properties for conventionally, additively and hybrid manufactured specimens.

Compressive modulus | Yield strengthe | Elongation at yield
(GPa) (MPa) (%)
AISi10Mg as-built 13.3+1.3 241.2 + 14.7 2.31+0.25
AISi10Mg heat-treated 143+0.4 252.2+9.2 2.43+0.11
AW-6082 19.1 +0.6 3285+7.8 2.06 +0.07
AISi10Mg+AW-6082 as-built 16.9+0.5 303.5+10.3 237 +0.14
AISi10Mg+AW-6082 heat treated 129+3.1 2988 +7.0 2.90 +0.27

Regarding compressive properties, there are not conclusive differences in the performance of
AISi10Mg specimens if the heat treatment is applied. If, on the one hand, there was a slight increase in
the yield strength and ductility of the specimen (= 5 %), on the other, compressive modulus decreased by
about 9 %. In the case of hybrid specimens, heat treatment caused a decrease in both. Even so, the
compressive properties of hybrid specimens are up to 25 % higher to those of AISi1OMg. So, it is
advantageous to apply hybrid manufacturing techniques in parts that will be subjected to compressive
loads. Moreover, in none of the cases the specimen fractured after the end of the test, that is, both
materials showed a high capacity to resist compressive stresses, when compared to tensile stimuli. The
loading direction tends to close the pores (calculated before as 4 %), consolidating the specimen before

failure. However, the compression modulus fell short of the tensile modulus.

¢ At 0.2 % of strain.
29



Chapter 2. Material characterization

Case study

Considering these mechanical results, a complex and functional part was developed and produced
by hybrid manufacturing to validate the application of additive manufacturing technologies for restoration
of parts and the feasibility of hybrid manufacturing. A three-point flexural test (3PB), combining tensile
and compressive loads, was done on an AW-6082 aluminium crankset. A Shimadzu AGS-X universal
testing machine with a load cell of 50 kN, at a constant crosshead rate of 1 mm/min was used to run
the test (Figure 2-15). The fixed supports were located 110 mm to the left and 35 mm to the right of the

load application point and the test stopped when the displacement was maximum.

Figure 2-15. Crankset at the beginning (left) and at the end (right) of the three-point flexural test.

At the end of the test, only 40 mm of the initial crankset were undamaged (Figure 2-16). The crankset
was grinded until this length, removing the deformed fragment, and rebuilt by additive manufacturing with
the silicon aluminium alloy. It was not considered the stress relief heat treatment on the hybrid crankset

due to the mechanical results mentioned before.

(b) (©
Figure 2-16. Evaluation of undamaged crankset.

According to load-displacement curves (Figure 2-17), AW-6082 crankset presented a higher
resistance to bending and a higher ductility. Nevertheless, stiffness was similar in both cases. However,
when hybrid crankset was tested, rupture occurred in additive manufacturing area, near the load

application point, and not in the join between the original part and the repaired one. So, metallic powder-
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bed fusion additive manufacturing technologies could have a significant role in the building of circular
economy once the bonding between the two alloys in the interface zone of the repaired crankset was

strong enough to withstand the designed loads and the failure occurred outside it.

25

20

Additive manufacturing

Load (kIN)

‘)
——AW-6082 crankset ‘
——Hybrid crankset
0 — ! .
Q 2 4 6 8 10 12
Displacement (mm)

Figure 2-17. Load-displacement curves for AW-6082 and hybrid cranskets (left) and the damaged hybrid crankset (right) after the three-point flexural
test.

Subtractive manufacturing

2.4.4. Dimensional and geometrical properties

To assess the ability of the PBF system to produce parts with dimensional and geometric accuracy, a
test artifact developed by the National Institute of Standards and Technology (NIST) and shown in Figure
2-18Figure 2-18. Test artifact and measured dimensional and geometric elements. was considered [73].
The test artifact with main dimensions 100x100 mm was produced in the centre of the construction
platform of Concept Laser M2 Cusing equipment in AISi10Mg, considering the illustrated xy axis system.
After production, the stress relief heat treatment was not applied as it has no influence on dimensional
and geometric properties.

The test artifact was analysed by Computed Tomography (CT) in the equipment Zeiss Metrotom 800
225 kV, in measurements at 120 kV and 1000 pA, considering 2500 projections. The main dimensional
and geometric characteristics of the artifact were determined through an average of five measurements
per geometric element (Figure 2.18), according to the criteria proposed by the NIST institute, using the
INSPECTplus software. The measurements and respective standard deviations for each geometric

element are summarized in Table 2-14.
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Figure 2-18. Test artifact and measured dimensional and geometric elements.

By analyzing the test artifact (Table 2-14), its main dimensions were 0.6 mm below the nominal (i.e.,
shortening of 0.6 %). It was found that the holes with better roundness and smaller dimensional deviations
are in the third quadrant of the part. The same was not concluded regarding the production of pins, where
the best results were verified on the positive side of x-axis. Due to the absence of support, the side holes
(16 and 17) are better produced with smaller diameters. Concerning the central shafts, both diameters
and roundness were better in the inner cylinder and hole (1 and 2) than in the outer cylinder (3).

Through Figure 2-19, the percentage deviation was minimal in the 1.50 mm holes and 2.00 mm pins.
The equipment was not able to produce, in any case, holes and pins with a diameter of 0.25 mm. Holes
and pins with a diameter of 0.50 mm were produced, albeit with high dimensional deviations. In general,
roundness is better in holes than in pins.

Regarding thin walls, percentage deviation in thickness is smaller for thicker walls (Figure 2-20) and,
for minimum thicknesses, percentage deviations are significant. As with the holes and pins, the
equipment did not produce walls with thickness of 0.25 mm. The parallelism between thin walls was the
geometric parameter with most variation, being worse in positive walls and critical in 0.5 mm thick walls

(Figure 2-21).
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Table 2-14. Dimensional and geometric properties of the test artifact produced by additive manufacturing in AlSi10Mg, without stress relief

heat treatment.

Main dimensions

Nominal dimensions (mm) 100.00 x 100.00
Actual Averaged (mm) 99.44+0.01 x 99.41+0.01
dimensions Maximum deviation (%) -0.59
Average parallelism 0.34 +0.06
Holes
1 8 | 9 | 10 | 11 13 16 17
Nominal diameter (mm) | 10.00 4.00 2.00 1.50 1.00 0.50 0.25 3.00 6.00
Averaged 9.98 3.95 4.01 4.04 4.03 1.94 1.49 0.97 0.47 2.99 5.97
Actual (mm) 40.00 +0.00 | +0.00 | +0.00 | +0.00 | +0.00 | #0.01 | +0.00 | +0.00 +0.01 | 20.01
diameter i
M?X'Tnum -0.19 -1.30 +0.43 | +1.00 | +0.70 | -3.40 -1.00 -3.10 -6.20 -0.50 -0.63
deviation (%)
Average circularity 0.10 0.06 0.06 0.05 0.04 0.07 0.07 0.04 0.04 0.12 0.23
g +0.01 +001 | +0.00 | 001 | +0.01 | 004 | £0.02 | +0.01 | +0.00 +0.02 | +0.05
Pins
2 3 4 | 5 | | 7 12
Nominal diameter (mm) | 15.00 | 20.00 4.00 2.00 1.50 1.00 050 | 025
Averaged 14.90 19.81 3.95 3.93 3.93 3.90 2.01 1.44 091 0.58
Actual (mm) +0.01 +0.09 | 003 | %003 | 001 | =000 | *001 | 000 | =+0.00 | +0.00
diameter i
Ma_x'f"“'“ -0.70 -1.19 -2.00 -2.40 2.18 253 +0.75 -4.13 -8.70 +16.4
deviation (%)
A irculari 0.09 0.11 0.09 0.10 0.11 0.09 0.08 0.07 0.06 0.05
verage circularity £001 | 2001 | %000 | +0.01 | +0.00 | +0.00 | +0.03 | %002 | 002 | +0.01
Positive thin walls Negative thin walls
14 15
Nominal thickness (mm) | 2.00 1.50 1.00 | 050 | 025 | 2.00 1.50 1.00 | 050 | 0.25
Averaged 2.00 1.52 1.04 0.65 2.08 1.58 1.08 0.58
Actual (mm) +0.01 +0.01 +0.01 +0.01 +0.01 | $0.03 | =0.00 | +0.00
thickness i
M?X'fnum +0.70 | +1.93 | +530 | +33.4 +430 | +653 | +820 | +16.8
deviation (%)
Average parallelism between walls | %54 3.97 3.05 9.82 0.71 1.11 0.38 0.91
gep £0.70 | 040 | 060 | +1.32 +0.70 | +0.19 | 020 | 057
Positive steps Negative steps
18 19
Nominal heigth (mm) 3.00 4.00 5.00 6.00 7.00 3.00 4.00 5.00 6.00 7.00
Averaged 2.96 3.97 4.87 5.88 6.92 3.03 4.08 5.14 6.18 7.22
Actual (mm) +0.07 | 005 | +0.02 | £0.03 | 005 | £0.05 | +0.07 | 007 | 007 | 0.02
heigth i
gih | Maximum | oo 1 0o | 308 | 207 | 241 | 4307 | +475 | 540 | +a4s | +374
deviation (%)
Average flatness 0.05 0.05 0.02 0.03 0.03 0.06 0.10 0.13 0.09 0.09
g +0.01 +0.03 | +0.01 +0.01 +0.01 | 002 | +0.02 | +0.03 | +0.03 | 0.03

These dimensional results allowed to conclude that, if an over thickness may be necessary to

posterior finishing processes (e.g., machining), 0.60 mm is the minimum that must be considered. This

conclusion is based on the highest nominal deviation, obtained for the main dimensions of the test artifact

(Table 2-13).
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Figure 2-20. Analysis of positive (left) and negative (right) thin walls.
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2.5. Final remarks of this chapter

In this chapter, hybrid aluminium parts were successfully additively fabricated by depositing
AISi10Mg on AW-6082 pre-machined substrates. These parts were physically, mechanically and thermally
characterised, considering the influence of a stress relief heat treatment on the parts with AISi10Mg, as
recommended by the supplier, and the main conclusions are as follows:

A The density of the components produced by additive manufacturing was about 96 % of the
density of the components produced by subtractive manufacturing. With the hybrid
approach, as expected, the density got close to that of the AW-6082 aluminium alloy. Stress
relief heat treatment had no relevant effect.

A In thermal properties evaluated (specific heat capacity, CTE, thermal conductivity and
thermal diffusivity), the hybrid manufacturing samples provided positive results, i.e., higher
thermal conductivity and higher thermal diffusivity, when compared with the simple additive
or conventional samples. Stress relief heat treatment had not a relevant effect on these
properties.

A Regarding mechanical properties, tensile specimens fractured near the interface, after the
initial layers of the additive manufacturing process, as reported in previous studies [10,16].
When compressive loads were applied, it was advantageous to apply hybrid manufacturing
techniques once compressive properties of as-built hybrid specimens were up to 27 % higher
than those of AISilOMg. Here, it was not advantageous to apply the stress relief heat
treatment.

A Applying this knowledge to a case study, the AW-6082 crankset presented a higher
resistance to bending and higher ductility. When the hybrid crankset was tested, rupture
occurred in the additive manufacturing area and not in the interface between the original
part and the repaired one. Nevertheless, stiffness was similar in the two cases.

A In terms of dimensional properties, positive features (pins or thin walls) were below the
nominal up to 0.20 mm (considering the higher dimensions). With respect to negative
features (holes or thin walls), which presented greatest dimensional accuracy, the maximum
deviation was of 0.08 mm. In any case, holes, pins or thin walls with diameters or
thicknesses less than 0.50 mm were not produced. These dimensional results allowed to
conclude that, if an over thickness may be necessary to posterior finishing processes, 0.6 %

is the minimum that must be considered.
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In this sense, the hybrid manufacturing concept can be successfully applied with affirmative results,
mainly in parts for thermal management applications or subjected to compressive stimuli. The application
of the stress relief heat treatment did not show advantages in mechanical properties.

Answering the research question: “How much hybrid manufacturing, that is, combining subtractive
and additive technologies, contributes to the production of sustainable aluminium parts?”, with hybrid
manufacturing we can produce parts with up to 34 % better thermal performance (i.e., higher thermal
diffusivity) and 27 % higher than those of AISi1OMg in terms of compressive response. In addition,
according to the case study presented, metallic PBF technologies could have a significant role in the

building of a circular economy.
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3. HEAT SINKS

This chapter intends to answer the research questions “How much AM improves the performance
of heat sinks?” and “How close are computed-aided engineering (CAE) simulations to real measurements
in predicting thermal management?”. To this, different active heat sinks were evaluated via computational
fluid dynamics (CFD) simulations, considering different types of cooling. The best heat sinks designs were
experimentally validated on a testing apparatus to compare with the simulated results. In the end, in an
action-research strategy, a case study involving an automotive central computer with a heat sink was

optimized through hybrid manufacturing to reduce heat emissions to air and car weight.
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3.1. Introduction

By allowing heat dissipation, heat sinks prevent overheating and play a crucial role in the device’s
temperature regulation. They make use of extended surfaces to increase heat dissipation from a heat
source to the surroundings, providing a low thermal resistance and a low-pressure loss path between
them [1]. They can be divided into two main categories: with active and with passive cooling techniques.
Use of natural techniques is known as passive thermal management while forced heat dissipation, e.g.,
by cooling fans, improving heat transfer, is referred to as active thermal management [2-5].

The most common material for heat sinks is aluminium, offering a good balance between cost,
weight and thermal conductivity [4, 6-9]. When produced by additive manufacturing (AM), with high
geometric freedom and the capability to build complex internal structures, they can outperform the
thermal performance of traditional aluminium heat sinks [10]. In most cases, a near fully dense structure
is obtained by AM, however, in other cases, depending on the AM process parameters, a porous solid
containing voids may result, being important to properly characterize them and consider this
characterization in numerical simulations [9, 11-15]. Hybrid heat sinks can also be considered,
combining conventional manufacturing and AM technologies [16].

Chinthavali et a/. [12] produced the first heat sink by AM using a powder bed fusion (PBF) equipment.
The strength of the heat sink produced with the AM aluminium alloy was like the strength of the heat sink
produced by conventional methods, but the thermal performance was lower for low temperatures,

becoming close to equal around 150 °C.

3.2. Basic theoretical framework

In thermal management systems involving heat sinks, there are two basic modes of heat transfer:
conduction and convection. Conduction is the internal energy exchange between one body in perfect
contact with another or from one part of a body to another part due to a temperature gradient. Convection
is the energy exchange between a body and a surrounding fluid.

Conduction heat transfer, along direction #, is defined by Fourier’'s Law of Conduction (Equation 3-

1) where d . is the material thermal conductivity and — is the thermal gradient in direction 7. Negative

sign indicates that heat flows in the opposite direction of the gradient, i.e., heat flows from hot to cold.
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Equation 3-1. Fourier's Law of Conduction.
x Ty
v — .
d T3
Convection heat transfer per unit area between surface and fluid is defined by Newton's Law of
Cooling (Equation 3-2), with /the convective film coefficient, 7sthe surface temperature and 7 the bulk

fluid temperature.

Equation 3-2. Newton’s Law of Cooling.

0 QY Y

A heat sink works by dispersing heat to the surrounding air, keeping temperatures as low as possible
to ensure the reliability and performance of the device. A quantitative measure of heat transfer efficiency
can be expressed in terms of thermal resistance (—} in °C/W, defined in Equation 3-3, where ATis the
temperature difference between device and air temperatures and Q is the total power or rate of heat

dissipation, i.e., the heat dissipated from the device [17, 18].

Equation 3-3. Thermal resistance.

Y

C-ll e

3.3. Brief review on heat sinks designs and topology

3.3.1. Conventional heat sinks

Sometimes, choosing the type of a conventional heat sink (pins, fins or blades) is an ambiguous
task. Under forced convection, Wong et a/. [19] defended that fins are the best choice (among fins, blades
and circular pins), while Abdelsalam ef a/. [20] compared in-line blades with fins and concluded that the
first were better. On its turn, Jonsson and Moshfegh [21] tested different heat sinks models considering
Reynolds numbers in a range between 3350 and 13400 and concluded that it is not beneficial to use pin
heat sinks at higher Reynolds numbers.

Another aspect is fins, pins or blades spacing. The optimum spacing is dependent on the air velocity,
i.e., as the velocity increases, the fin spacing can decrease [3, 22]. However, the dependence of heat
transfer with fin or pin spacing is not clear. According to some authors [23-26] the heat transfer increases
with increasing fin or pin density, i.e., with reduced spacing. Contrarily, according to other authors, greater

heat transfer is obtained for increased spacings [27, 28].
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When choosing a fin heat sink, it is typical to choose the conventional rectangular fins. Still, other
forms of fins have been tested, such as triangular or trapezoidal fins [29, 30], with fillets [31] or holes
[32-36].

Jaffal [36] analysed the thermal performance of different fin heat sinks geometries, via experimental
and computational studies, at a certain heat flux interval. It was found that the heat sink with perforated
fins showed the best thermal performance. Later, Ibrahim ef a/. [34] investigated the effect of perforation
geometry (circular, rectangular and triangular) on the heat transfer of perforated fin heat sinks, under
different boundary conditions. In all cases, these perforations increased the heat transfer coefficient and
decreased heat sink temperature, regardless of perforation geometry. Tijani and Jaffri [33] also studied
the effect of circular perforations on pins or fins heat sinks under forced convection. Inlet velocity and
heat flux were constant and perforated pins or fins had the highest heat transfer coefficients, improving
thermal efficiency up to 4 % compared to solid pins or fins. In sum, all mentioned studies agreed on the
feasibility of considering perforated fins. A stacked fin heat sink (Figure 3-1) was developed by Hsiao and

Chang [37], enhancing heat convection and rendering the component cooling more efficiently.

Figure 3-1. Streamline surfaces on fin heat sink [37].

Yeh [38] noticed that considering only the shell of the fins is more advantageous and Teeba ef a/.
[39] investigated the thermal parameters of horizontal and vertical finned heat sinks (Figure 3-2). Lower
thermal resistance was reported in the vertical position than in horizontal position, due to the thermo-

siphoning effect in horizontal position which reduced the overall heat dissipation efficiency.

Figure 3-2. Horizontal and vertical finned heat sinks (adapted from [39])

To reduce the undesired blockage on the incoming airflow as the number of fins increases, Lin ef al.

[40] designed a heat sink with oblique planar fins (Figure 3-3) to improve its overall performance.
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174

Figure 3-3. Schematics of heat sink with oblique fins (front view) (adapted from [40]).

When choosing a pin heat sink, several authors agree that square pins are not a good choice [41-
43] and that pressure drop is higher when pins arrangement is staggered [21, 24, 27, 44]. However,
there is no agreement regarding the best pins shape. Either circular [26, 41, 45], elliptical [23, 41, 45—
48], dropform [16, 49] and rhombus [50, 51] can be advantageous, but there are still other unusual
shapes that can be a good choice [52, 53].

Gururatana and Li [48] compared elliptic and rectangular staggered pins with the same length-to-
thickness ratio but with different hydraulic diameters (Di). They concluded that elliptic fins produced a
higher heat transfer rate when the pressure drop (consequence of pin spacing) was the same. Moreover,
Zhou and Catton [54] investigated the thermal and hydraulic performance of different pin heat sinks with
various pins shapes including square, circular, elliptic and dropform. The elliptic pins had the best overall
performance, regardless of inlet velocity and of the ratio of pin widths to pins spacing.

Ramphueiphad and Bureerat [53] designed and optimized multi-cross-section pins heat sinks (Figure
3-4, left). The results revealed that this type of heat sinks is better than the conventional pins or fins heat
sinks (with constant cross-sections) in terms of both thermal efficiency and pumping power.

Maiji et al. [52] investigated thermal performance of heat sinks with perforated circular pins with
different knurled surfaces (Figure 3-4, right). Results were taken for Reynolds numbers from 4700 to
44500. They concluded that the rate of heat transfer for perforated pins up to a particular perforated area
was always greater than the solid pins, and with the variation in knurling geometry on fin surface, heat
dissipation rate enhanced significantly. Pressure drop around heat sink decreased with the increment of

number and size of perforations; with knurling, pressure drop increased.

iy Sy

Figure 3-4. Multiple cross-section pins heat sink (left) (adapted from [53]) and an example of a knurled pins heat sink (right) (adapted from
[52]).
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Choudhary et al. [55] researched heat transfer and air flow behaviour of pins heat sinks with and
without wings (Figure 3-5) under forced convection. After addition of wings, better results of heat transfer

were observed.

Figure 3-5. Pins heat sinks with (left) and without (right) wings in staggered arrangement [55].

3.3.2. Additively manufactured heat sinks

Since 2014 [12], additive manufacturing has been widely used in the production of heat sinks. Dede
et al. [56] presented a topology optimization of an air-cooled heat sink. A prototype structure was
fabricated using AlSi12 aluminium alloy. Experimental results indicated that the optimized heat sink
design (Figure 3-6, left) has a higher coefficient of performance relative to the benchmark heat sink
designs. Likewise, Wits et a/. [57] developed heat sink shapes based on brain coral and used powder bed
fused aluminium for experimental testing (Figure 3-6, center).

Another approach widely used is lattice heat sinks (Figure 3-6, right). Lattice structures, due to their
good thermomechanical performance have the potential to replace the fins or pins that are traditionally
employed in heat sinks. As such, it is important to ensure a cell size and volume fraction that allows
enough convection between cells and hence flow of fluid out of the heat sink structure Each lattice
structure presents an optimal beam diameter over unit cell size ratio that maximizes its surface-to-
occupancy value, which can be un-uniform [58, 59]. There are numerous unit cells, but among those

studied, body-centered cubic (BCC) unit cell showed the maximal surface-to-occupancy ratio.

Figure 3-6. Geometry of optimized heat sink (left) (adapted from [56]), heat sink based on brain coral (center) (adapted from [57]) and lattice
heat sink (right) [89].

Go et al. [60] investigated the feasibility of heat transfer enhancement using the flow-induced

vibration of a microfin array Figure 3-7, left). Through experimental studies, they concluded that the
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vibrating deflection plays a key role in enhancing the heat transfer rate. A similar heat sink was proposed

by Ikegami et al. [61] (Figure 3-7, right).
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Figure 3-7. Schematic view of a microfin array heat sink (left) (adapted from [60]) and heat sink structure with louvers (adapted from [61]).

According to Bornoff and Parry [11], during the design of a heat sink, an improvement in the thermal
performance can be achieved by increasing the surface area at the point of highest temperature, adding
a small additional piece of heat sink material on that face. Later, the same authors [62] proposed a
method to further improve heat sink performance by the systematic removal of heat sink mass where it
is found to make the smallest contribution to increasing the thermal resistance. Therefore, they found an

opportunity to reduce the mass without unduly effecting the thermal performance.

3.3.3. Microchannels heat sinks

To improve the thermal performance of heat sinks, cooling channels with numerous possible
configurations can be considered. Cho ef a/. [63] investigated inlet/outlet arrangements of microchannel
heat sinks for different geometry of the channels (straight or diverging channels with rectangular or
trapezoidal headers). Diverging channel with trapezoidal header (Figure 3-8) was the best choice for
microchannel heat sink considering the temperature distribution and pressure drop. Similarly, other
authors explored the effect of inlet and outlet of the liquid flow within a microchannel heat sink, concluding

that, as general rule, the best solution also includes misaligned inlet and outlet points [64-66].

Figure 3-8. Microchannels channels with misaligned inlet and outlet points (adapted from [63] and [66].
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Liu et a/. [67] stacked multi-layered flat thin rectangular plates (Figure 3-9, left) with a few regular
honeycomb cells etched inside, staggered fluid flow channels (Figure 3-9, centre) are formed to enhance
heat transfer. Likewise, sectional oblique fins (Figure 3-9, right), imposing also a main and a secondary

flow, were employed by Lee et a/. [68].
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Figure 3-9. Close view of single layer honeycomb plate (left), close view of two layers of honeycomb plates bonded together (centre) [67]
and sectional oblique fins in a microchannel heat sink [68].

Regarding the microchannels cross section, a channel with a height- or width-tapered variation was
designed by Hung and Yan [69], having the width-tapered channel design a lower and uniform
temperature distribution compared to parallel or height-tapered channels, due to the continuous increase
in flow. Hu et a/ [70] investigated two heat transfer enhancing channel shapes: alternating elliptical
channel (Figure 3-10, left) and alternating rectangular channel (Figure 3-10, right), comparing with three
traditional straight channel shapes (circular, elliptical and rectangular). The results show that alternating

channels can improve the performance and should be taken into application to heat sinks.

Figure 3-10. Configurations of alternating elliptical channels (left) and alternating rectangular channels (right) (adapted from [70]).

Xia et al. [71, 72] investigated microchannel heat sinks with reentrant cavities (Figure 3-11, left) and
found that they enhanced the convective fluid mixing. Similarly, other authors studied a microchannel
heat sink with other kind of reeentrat cavities (Figure 3-11, right) [73-76]. All results were an improved

heat transfer performance with an acceptable pressure drop.

o

Figure 3-11. Different microchannels with reentrant cavities (adapted from [71-73].
Some authors introduced the concept of finned microchannel heat sink, with fins/pins along the

channels for vortex generation. According to Hosseinpour et al. [77], pyramidal-pins owned the best
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overall performance among conical, cylindrical and cubical-pins but other unusual shapes can be used
[78-80].

Collins ef al. [81] considered a novel permeable membrane heat sink geometry (Erro! A origem da
referéncia néo foi encontrada.), possible to be produced by AM, where the cooling fluid is forced through
thin and porous walls that act as both conducting fins and membranes that allow flow through their fine
internal flow features for efficient heat exchange. This approach resulted in an improvement of the thermal

performance.

Solid endcap

l_ l_\l l 1__1_(. Outlet

Inlet

-
<X

Permeable membrane

Figure 3-12. Permeable membrane heat sink design (adapted from [81]).

Tseng et al. [82] investigated the performance of water-cooled heat sinks with BCC porous structure.
The results indicated a much lower thermal resistance and pressure drop; the porous structure forced
the working fluid toward the heating surface and resulted in an appreciable increase in heat transfer

performance.

3.4. Overall heat sinks performance

3.4.1. Air-cooled heat sinks

This subchapter shows the performance of heat sinks with different designs under air forced
convection, varying geometric and boundary parameters, via CFD simulations. Initially, a complete and
detailed analysis of the thermal performance of various conventional heat sinks designs is taken.
Afterwards, heat sinks designs are modified following some AM approaches.

CFD is the science of predicting fluid flow, heat and mass transfer and related phenomena by solving
numerically the set of governing mathematical equations. CFD analysis complements testing and
experimentation by reducing total effort and cost required for experimentation and data acquisition. The
solvers of the software used in this work - ANSYS - are based on the finite volume method, i.e., domain
is discretised into a finite set of control volumes in which general conservation equations for mass,
momentum, energy, among others, are solved.

As in other studies involving heat sinks, the main goal of this study is to reach heat sink temperatures
as low as possible, minimizing thermal resistance. The computational domain (Figure 3-13) includes a

48



Chapter 3. Heat sinks

heat sink (main dimensions 50 x 50 x 50 mm:?) and a wind tunnel, designed so that the total flow
converges to the heat sink, avoiding the bypass phenomenon [21, 83]. It was considered a fan diameter
of 80 mm. The dimensions of the domain are a length of 300 mm and a converging width and height
from 80 mm to 52 mm. Heat sink is placed inside the domain, 200 mm away from the inlet and 50 mm

from the outlet.

Pressure sensors
outlet Temperature sensor

(0, 24.5, 225)

(0, 24.5, 200); (0, 24.5, 250)

Figure 3-13. Computational domain for studying air-cooled heat sinks.

The geometry was meshed using ANSYS Meshing by applying body sizing operation and, depending
on the heat sink model under study, were considered tetrahedral or hexahedral elements. Element size
varied in a range between 0.4 mm and 1.2 mm and the total number of elements was the one whose
results converged, with minimal computational effort, i.e., sufficient to ensure mesh independence of the
simulated results.

Mesh geometry (Figure 3-14) was brought into ANSYS Fluent, where solver settings were defined.
This includes defining material properties, selecting appropriate physical models, prescribing operating
and boundary conditions, and providing initial values. Table 3-1 includes the main properties of the
materials adopted for each component: aluminium AlISi10Mg for the heat sink and ideal air as the fluid
passing through the heat sink. AlSi10Mg properties were set according to the ones calculated in Chapter

2 (without heat treatment) and the air flow was assumed incompressible with constant properties.

Table 3-1. Main properties of the materials considered for each component on air-cooled heat sinks.

Property AISi10Mg Air
(Heat Sink)  (Fluid Domain)
Density (M) (kg-m?) 2641 1.225
Specific heat (c,) (J-kg-°C) 1047 1006.43
Thermal conductivity (k) (W-m-°C-) 165.0 0.0242
Thermal diffusivity (U Ym?/s) 0.068 1.96 x 10®

7 Specific heat at 86 °C (Appendix 3).
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Viscosity (s) (kg:m*-s) - 1.7894 x 10~

Figure 3-14. Lattice heat sink mesh.

As initial values, the system was considered at a room temperature of 20 °C. The outlet vent
condition was used for the outlet boundary and the wind tunnel wall considered adiabatic. The remaining
boundary conditions (heat source temperature and inlet air velocity) were established according to each
specific case.

During compute solution, the discretised conservation equations are solved iteratively until
convergence, i.e., when changes in solution variables from one iteration to the next are negligible (residual
response less than 10-%). As the most widely used engineering turbulence model for industrial
applications, standard -Epsilon viscous model was selected. The pressure-velocity coupling was
achieved through the SIMPLE scheme [84] and the Least Squares Cell Based gradients were choose as
the spatial discretization scheme [85].

Pressure drop across the heat sink and its temperature were reported after 15 s on the respective
sensors (Figure 3-13). Considering a time step size of one second with 10 maximum iterations per time
step, the 15 s were found to be a good balance between good results and computational effort (Figure
3-15) once, in most cases, the temperature reached the steady-state condition. The temperature sensor

was located where, as general rule, the heat sink temperature was the minimum [86].
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Figure 3-15. Temperature contours vs time for each type of heat sink.

The statistical design of experiments (DOE) was used to design the sets of experiments run in this
work for fins and pins heat sinks, in order to optimize the main geometric parameters (pins/fins
diameter/thickness and pins/fins spacing).

As boundary conditions, the temperature of the heat source (at the bottom of the heat sink) varied
between 80 °C and 100 °C, with 10 °C intervals, and inlet air velocity (1) took the values 0.7 m/s, 2.1
m/s and 3.5 m/s (at 20 °C), leading to Reynolds numbers from 2500 (laminar-turbulent transition) to

12500 (very turbulent flow) according to Equation 3.4.

Equation 3-4. Reynolds number.

R (D)
YQ ——

For fins heat sinks, DOE analyses were performed using fin thickness, fin spacing, inlet velocity, and
heat source temperature as factors and pressure drop and heat sink temperature after 15 s as responses.

Each factor was considered with three levels (Table 3-2) and an L9 matrix was constructed.

Table 3-2. Levels and factos for DOE matrix for fins heat sinks.

Level Fin Thickness Fin Spacing Inlet Velocity Heat Source Temperature
(mm) (mm) (m/s) (°C)
1 1.5 2.0 0.7 80
2 2.5 3.5 2.1 90
3 3.5 5.0 3.5 100

For pins heat sinks, the arrangement factor (in-line or staggered) was added to compose an L18

DOE matrix. Level and factors are shown in Table 3-3.

Table 3-3. Levels and factos for DOE matrix for pins heat sinks.

Level Pin Diameter Pins Spacing Inlet Velocity Heat Source Temperature Arrangement
(mm) (mm) (m/s) (°C)
1 15 2.0 0.7 80 In-ine (1)
2 2.5 35 2.1 90 Staggered (2)
3 3.5 5.0 3.5 100 -
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Based on DOE results, the shape of fins or pins was varied according to some previous studies that
showed good results [16, 23, 26, 41, 45-51].

For fins heat sinks (Figure 3-16), the same number of fins was considered. For pins heat sinks
(Figure 3-17), the same hydraulic diameter and pin spacing was maintained. Using analysis of variance
(ANQVA), the effects of variables and their interactions on each response were determined for fins and
pins heat sinks. In order to confirm the advantages of additive manufacturing for thermal management
components, lattice sinks with X, Hexagon, and Snow Flake (Figure 3-18) unit cells were studied. Cell

size and thickness were fixed as well as boundary conditions.

A. Conventional B. Inverted C. With holes D. Wavy
trapezoid
E. Radial F. Y-Shaped G- IereTted Y—
shaped

Figure 3-16. Different fins heat sink models.
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Figure 3-17. Different pins shapes under study.

Q. Hexagon R. Snow Flake

Figure 3-18. Different lattice heat sinks models.

Fins heat sinks

For fins heat sinks, it was found that, either for a lower heat sink temperature (Figure 3-19) or for a
lower pressure drop (Figure 3-20), the thickness of the fins should be as small as possible. The same
was not true for the spacing. On the one hand, if it is as small as possible, it increases the density of the
fins and therefore causes better thermal efficiency. On the other hand, the smaller the spacing, the higher
pressure drop. Being an agreement between both parameters, and since the influence is much higher
for the pressure drop, the bigger fins spacing (5 mm) will be considered for further studies related to the

shape of the fins.
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Figure 3-20. Main effects for fins heat sinks pressure drop.

Regarding boundary conditions, as expected, the effect of inlet velocity on pressure drop and heat

source temperature on heat sink temperature after 15 s was linear. However, an inlet velocity of 2.11
m/s (Re = 7500) caused a minimum heat sink temperature and a heat source temperature of 90 °C

caused a minimum pressure drop. These conclusions are related with the geometric parameters (number
of fins and fins spacing), according to Tables 3-4 and 3-5, respectively.
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Table 3-4. Correlation between heat sink temperature and geometrical parameters.

Simulation Nun;it:]ir of Heat Source Temperature (°C) V(enlqo/csl";y I-zla?‘tl:}rln; zr?:ge
#1 14 80 0.7 52.2
#2 6 80 2.11 56.4
#3 3 80 3.51 54.1
#4 7 90 0.7 61.9
#5 11 90 2.11 57.7
#6 3 90 3.51 60.5
#7 7 100 0.7 68.6
#3 10 100 2.11 63.5
#9 9 100 3.51 65.3

Table 3-5. Correlation between pressure drop and DOE factors.
Simulation Spacing Heat Source Temperature (°C) Velocity Pressure Drop (Pa)
(mm) (m/s)
#1 2 80 0.7 13.8
#2 3.5 90 0.7 10.5
#3 5 100 0.7 4.4
#4 5 80 2.11 40.3
#5 2 90 2.11 108.4
#6 3.5 100 2.11 22.3
#7 3.5 80 3.51 105.1
#8 5 90 3.51 32.6
#9 2 100 3.51 380.1

As boundary conditions, an inlet velocity of 2.11 m/s and a heat source temperature of 90 °C were

considered for further studies with fins.

Fins shape

In all fins heat sinks variants (Figure 3-16), the same number of fins (8) and boundary parameters

were considered. Results for each model are shown in Table 3-6.

Table 3-6. Temperature and pressure drop for each fin heat sink model.

Model Total Area Front Area Volume HS Temperature Pressure Drop

(cm?) (cm?) (cm?) after 15 s (°C) (Pa)
A 408.9 7.7 38.6 60.6 134
B 260.7 7.7 27.0 40.0 30.6
C 389.4 7.7 34.2 52.4 25.1
D 397.3 20.2 35.1 53.9 52.6
E 414.5 7.7 38.6 55.2 22.4
F 682.1 7.7 38.6 52.0 31.5
G 682.1 7.7 38.6 54.5 24.5

It was found that the incorporation of fillets or chamfers did not bring any advantage, contrarily to all

design variations shown in Figure 3-16 and Table 3-6. So, fins with inverted trapezoidal shape (Figure
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3-16B) were considered, being an advantageous option due to its wide part exposed to ambient air [30].

Moreover, the higher the inverted trapezoid angle, the better the performance (Figure 3-21).

BL @ =5° BII. & =15° BIII & =25°

Model Total area = Frontarea @ Volume | HS temperature @ Pressure drop

(cm?) (cm?) (em?) after 15 sec (°C) (Pa)

BI _ 380.9 7.7 364 i 56.1 _ 154

BII 323.5 7.7 319 50.7 16.5
BIIT 260.7 7.7 27.0 40.0 159

Figure 3-21. Model B variants.
The incorporation of holes in the fins (model C) has been studied by other authors [33, 34] and both
agreed that it was an advantageous approach due to the higher heat transfer coefficient. Furthermore,

for larger holes diameter, maintaining holes spacing (5 mm) resulted in better heat sink performance
(Figure 3-22).

CI. Diameter 2.5 mm CIIL Diameter 3.5 mm CIII. Diameter 4.5 mum

Model Total area = Frontarea @ Volume HS temperature Pressure drop

(cm?) {cm?) {cm?) after 15 sec (°C) (Pa)
CI 415.0 7.7 363 54.8 179
CIm = 4028 77 ' 383 53.6 | 18.6
CIII 389.4 7.7 342 524 18.6

Figure 3-22. Model C variants.

Regarding model E, the lower the spacing between the fins at the bottom, keeping the top spacing
equal to 5 mm, the better the heat sink performance (Figure 3-23, | and Il). This happens because airflow
towards radial fins tends to quicken as the gap between two consecutive fins reduces (El to Ell) [71].

These advantages of model E fins have also been confirmed experimentally by other authors [40, 87].
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However, the incorporation of more material in the heat sink base (Figure 3-23, 1ll), close to the fins, did

not bring any advantage.

EIL Bottom spacing 1.5 mm EIL Bottom spacing 1 mm EIIL Bottom spacing 1 mm with
semicircle.

Model Total area @ Frontarea @ Volume  HS temperature Pressure drop

(em?) (cm?) (em?) after 15 sec (°C) (Pa)
EI 414.5 7.7 38.6 56.4 19.2
EIl 414.5 7L 38.6 v 55.2 : 224
EII 406.3 7.8 39.1 56.2 22.3

Figure 3-23. Model E variants.

With this, the properties of models B, C, and E have been combined and, among the studied, the heat

sink design with the best performance was attained (Figure 3-24. Best fin heat sink (among those studied).

). Following some design rules for additive manufacturing, elliptical holes were considered instead of

circular ones.

Fin thickness | Heat source temperature | Inlet velocity
1.5 mm 90 °C 2.1m/s

Total area | Frontarea | Volume | HS temperature @ Pressure drop
255.9 cm? 7.7 cm? 25.1 cm? 37.6°C 19.8 Pa

Figure 3-24. Best fin heat sink (among those studied).
Pins heat sinks

For pins heat sinks, the arrangement factor was added: in-line or staggered pins (Figure 3-25). For
staggered pins, there are two possible orientations. From orientation 1 to orientation 2, heat sink
temperature increased by a maximum of 1.4 % but pressure drop decreased by about 25 %. Although the
heat sink temperature after 15 s is the most pertinent response parameter, the decrease in pressure
drop was much higher, causing a better performance for orientation 2 (Figure 3-25c¢). For this reason,

the staggered arrangement was considered with orientation 2.
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(a) In-line pins (b) Staggered pins, (¢) Staggered pins,
orientation 1 orientation 2

Figure 3-25. Possible pin heat sinks arrangements and orientatios.

Taking this into account, it was found that, either for a lower heat sink temperature or for a lower
pressure drop, the staggered arrangement (2) is more advantageous (Figure 3-26). Regarding pins
diameter, for a lower heat sink temperature (Figure 3-26, top), it should be as small as possible. The
same was not true for the pressure drop (Figure 3-26, bottom), where there is an ideal diameter of 2.5
mm. In agreement between both parameters, and since the heat sink temperature is the most relevant
response parameter and the influence is more accentuated, the lower pins diameter (1.5 mm) will be
considered for further studies related to the shape of the pins. With a smaller diameter, there is also a
smaller building volume to be created by additive manufacturing.

Respecting pins spacing, if, on the one hand, there was no influence on the heat sink temperature,
on the other hand, the influence on the pressure drop is quite noticeable. For this reason, the upper
spacing (5 mm) was considered the best choice. These conclusions about geometric parameters agree
with the fin heat sinks.

As explained for fins heat sinks, a temperature of 90 °C caused a lower pressure drop (almost
irrelevant) also due to some geometrical parameters (pins spacing and heat sink front area) given in Table
3-7. For this reason, this temperature was selected for further studies with pins. Regarding the inlet
velocity, its influence was linear and as expected. Therefore, a velocity of 3.51 m/s was considered

because it resulted in a lower heat sink temperature.

Table 3-7. Correlation between pressure drop and geometrical parameters for an inlet air velocity of 3.51 m/s.

Arrangement Simulation Spacing (mm) Front Area (mm?) Heat Source Temperature (°C) Pressure Drop (Pa)

#1 3.5 13.4 80 289.7

In line #2 5 10.2 90 167.1
#3 2 16.6 100 776.9

#4 3.5 114 80 170.7

Staggered #5 5 7.7 90 116.0
#6 2 11.8 100 441.1
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Heat sink temperature (°C)

Pressure drop (Pa)
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Figure 3-26. Main effects for heat sink temperature (top) and pressure drop (bottom) for pins heat sinks.

Pins shape

In all pins shapes studies (Figure 3-17), the same hydraulic diameter (1.5 mm) and pin spacing (5

mm) were maintained, as well as boundary parameters. Results are shown in Table 3-8.

Table 3-8. Temperature and pressure drop for each pin heat sink model.

Model Nr of Pins Total Area (cm? Front Area (cm?) Volume (cm?) HS Temperature after 15 s (°C) Pressure Drop (Pa)

OZ=EZr X« — =T

60
52
53
52
52
46
46
52

162.7
165.8
168.4
178.1
178.1
159.6
159.6
185.4

7.7
6.4
9.6
8.1
8.1
9.0
9.0
6.6

le.l
16.2
16.3
16.7
16.7
16.0
16.0
16.9

36.0
38.4
38.0
39.1
42.9
50.4
441
49.3

116.0
57.2
203.8
60.4
95.1
96.9
915
56.2
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Conventional heat sinks, with circular pins, continue to be the best choice among the many options
of pin shapes, even though the pressure drop is high. For these pins, considering drawing outwards
(Figure 3-27), only possible to be produced by additive manufacturing, was not advantageous a higher

temperature and a higher-pressure drop was obtained.

QL.

Al. Circular pins outwards (1°)

A, Circular pins

Model Total area | Frontarea | Volume HS temperature Pressure drop
(em?2) (cm?2) (em?) after 15 sec (°C) (Pa)
H 162.7 7.7 16.1 36.0 116.0
Hl 234.2 10.6 23.0 36.8 196.1

Figure 3-27. Comparison between circular pins (A) and circular pins outwards (A1).

Figure 3-28 shows pins heat sinks with 1 mm frontal elliptical holes (H2) and side elliptical holes
(H3) as well as a radial pins heat sink also with frontal elliptical holes (H4), spaced 5 mm apart. In all
cases, holes were advantageous, and the results were quite similar. For the same heat sink temperature
obtained, the one with the lowest pressure drop was considered as the best option for pins heat sinks

(H2).

i

|
1
l
l
l

1@
H

|
|
|
|
|
|

|
|
|
l
|
|

Il

b Il . I.:".
Vi
|

H2. Frontal holes.

H3. Side holes.

H4. Radial pins with

frontal holes.
Model Total area | Frontarea | Volume HS temperature Pressure drop
(cm?) {cm?) (em?) after 15 sec (°C) (Pa)
H 162.7 7.7 16.1 36.0 116.0
H2 173.0 7.3 15.6 294 61.1
H3 173.0 7.6 15.6 294 63.4
H4 166.0 7.3 154 30.1 54.2

Figure 3-28. Pins heat sinks with frontal (H2) and side (H3) holes and radial pins heat sink with frontal holes (H4).

For the case of ellipse pins (the second-best pins shape), differences were observed between

maintaining the spacing (Model 1) or maintaining the number of pins (Model 1), concerning the reference
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heat sink (Model H). According to Table 3-9, there were no significant differences, i.e., opting for ellipse

pins, the choice should be Model | once it has a smaller building volume.

Table 3-9. Temperature and pressure drop for each pin heat sink model.

Model Nr of Pins Total Area (cm?) Front Area (cm?) Volume (cm®) HS Temperature after 15 s (°C) Pressure Drop (Pa)

H 60 162.7 7.7 16.1 36.0 116.0
I 52 165.8 6.4 16.2 38.4 57.2
11 60 186.1 6.4 16.9 38.3 59.1
J 53 168.4 9.6 16.3 38.0 203.8

Therefore, the best option contemplated circular pins in combination with frontal holes in their

structure (Figure 3-29).

| Fin thickness = Heat source temperature | Inlet velocity
1.5 mm | 90 °C 3.5m/s

| Totalarea Frontarea Volume & HS temperature | Pressure drop
! 173.0 cm? 7.3 cm? 15.6 cm?® | 294 °C 61.1 Pa

Figure 3-29. Best pin heat sink (among those studied).

Lattice heat sinks

Lattice sinks with X, Hexagon, and Snow Flake (Figure 3-18) unit cells were studied. Cell size and
thickness were fixed at 15 x 15 x 15 mms and 1.5 mm, respectively, as well as boundary conditions

(heat source temperature of 90 °C and air inlet velocity of 3.5 m/s). The results are shown in Table 3-10.

Table 3-10. Temperature and pressure drop for each pin heat sink model.

Model Total Area (cm?) Front Area (cm?) Volume (cm:) HS Temperature after 15 s (°C) Pressure Drop (Pa)

X-type 187.9 31.3 16.8 39.2 108.1
Hexagon 243.7 41.1 19.2 26.7 161.2
Snow Flake 283.9 41.0 20.6 33.7 137.2

Among the three models studied, the heat sink with hexagon unit cell showed the lowest
temperature, despite the higher pressure drop. The advantages of this unit cell in thermal management

applications were also confirmed by Gu et a/. [88].

Fins vs Pins vs Lattice heat sink
In this subchapter, it is intended to directly compare the best fins, pins, and blades heat sinks (Figure

3-30), under the same geometric and boundary parameters.
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Figure 3-30. Fins, pins, and lattice heat sinks, respectively.

Table 3-11 shows that, under forced convection environments, better results were obtained for the
lattice heat sink with hexagon unit cell. The pressure drop increased more than double for the same inlet
velocity and Reynolds number, a consequence of the high frontal area. Even so, a decrease of about 28
% and 9 % in heat sink temperature was achieve, comparing with the best fins and pins heat sink,
respectively. As inlet velocity and heat source temperature are kept constant during the experiments, the
best heat sink is the one whose temperature is minimal, which, according to Equation 3-3, translates into

lower thermal resistance.

Table 3-11. Direct comparison between heat sinks with fins, pins, and blades (Re = 12500).

Total Area to HS Temperature

Model Total Area (cm?) Front Area (cm? Volume (cm) Volume Ratio _after 15 s (°C)

Pressure Drop (Pa)

Fins 255.9 7.7 25.1 10.2 27.7 50.2
Pins 173.0 7.3 15.6 11.1 29.4 61.1
Lattice 243.7 41.1 19.2 12.7 26.7 161.2

Based on this study, there is a direct correlation between the total area to volume ratio and the heat
sink performance. The lattice heat sink, the heat sink with the highest area to volume ratio and only

possible to be produced by additive manufacturing, was considered the best option among the studied.

Experimental validation

To experimentally validate the performance of the best heat sinks obtained by CFD simulations, the
three heat sinks were produced by PBF (Figure 3-31), in aluminum, considering the same parameters
mentioned in previous chapter. As the thermal properties were better in the as-built condition, stress relief

heat treatment was not applied to these heat sinks.

Figure 3-31. Air-cooled heat sinks produced by PBF.
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Unfortunately, it was not possible to produce the pins heat sink because the perforated pins didn't
have enough strength, breaking easily. With this, only heat sinks with fins and lattice structures were
experimentally validated. Nevertheless, pins heat sink with 1 mm holes (spaced 5 mm) in thicker pins
(diameter 2.5 mm) were evaluated through CFD simulations, considering the same boundary parameters,
to realize the relevance of producing a new pin heat sink by AM. Results proven that the temperature of
these heat sinks was higher than the optimized fins and lattice heat sinks (Table 3-11 and Table 3-12).

For this reason, only finned and lattice heat sinks were experimentally tested.

Table 3-12. Heat sink temperature and pressure drop for pins heat sink with holes (diameter 2.5 mm).

Pins spacing . Total Area Front Area Volume HS Temperature after 15 s Pressure Drop
Nr of Pins

(mm) (cm?) (cm?) (cm?) (°C) (Pa)
35 60 278.0 11.4 23.4 41.3 188.5
5 46 221.1 10.2 16.3 44 .4 77.5

The experimental testing apparatus involving a wind tunnel, a heat source, a fan and several sensors
was designed (Figure 3-32). In some testing apparatuses, some fluid bypasses over the top or around
the sides of the heat sink being tested. This problem is eliminated here by making the flow channel the
same size as the heat sinks to be tested, in accordance with the CFD simulations (Figure 3-13). To induce
fluid flow, an electronics cooling fan is used. The fan operates at 6 V on direct current (DC), with a speed
of 800 rpm (i.e., 3.5 m/s). To measure the pressure drop across the heat sink, pressure taps upstream
and downstream of heat sink measure the differential pressure using a differential low pressure
transmitter BFT10-110 (Appendix 4). On the heat sink base, a copper block heated with two cartridge
resistors was used to increase temperature, based on the voltage defined on the power supply. Four K-
type thermocouples are used in each set up. One is placed in the flow of the inlet air to measure the
temperature of the ambient air and another on the cooper block to measure the actual heat source
temperature. The other two are placed on the heat sink base and on the top of the heat sink, to measure
the temperature gradient along the heat sink. All sensors data is recorded with a multichannel Multicon

CMC-99 data logger.

Figure 3-32. Experimental testing apparatus to evaluate heat sinks performance.
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After adjusting the voltage imposed on the cartridge resistors to stabilize at a temperature of 90 °C,
the heat sink to be tested is placed on the top of the cooper block and the fan is turned on. Temperatures
and pressure drop were recorded for 15 seconds, in accordance with the CFD simulations. Considering

the ambient temperature of around 20 °C, results are shown in Table 3-13.

Table 3-13. Air-cooled heat sinks performance: simulation vs experimental.

HS Temperature after 15 s (°C) Pressure Drop (Pa)
Simulation Experimental Simulation Experimental
Fins 27.7 28.1 50.2 80.2
Lattice 26.7 26.5 161.2 97.8

Although the experimental results of the fins heat sink have a higher deviation from the simulated
ones, the lattice heat sink showed a better thermal performance, albeit with a slightly higher pressure
drop. Regarding the heat sink temperature after 15 seconds, there was a maximum difference of 0.5 °C

(about 2 %) between simulated and experimental results.

Air-cooled heat sinks — brief summary

Smaller diameters/thicknesses and larger fins/pins spacing provided better results. For fins HS, the
use of radial fins, with an inverted trapezoidal shape and with larger holes was advantageous. Regarding
pins HS, the best option contemplated circular pins in combination with frontal holes in their structure.
Additionally, lattice HS, only possible to be produced by additive manufacturing, was also studied. Lower
temperatures were obtained with a hexagon unit cell. Lastly, a comparison between the best HS in each
category showed a lower thermal resistance for lattice HS. Despite the increase of at least 38 % in pressure
drop, a consequence of its frontal area, the temperature was 26 % and 56 % lower when compared to
conventional pins and fins HS, respectively, and 9 % and 4 % lower when compared to the best pins and
best fins of this study.

The good performance of the lattice heat sink was experimentally validated, with a deviation of only

0.5 °C between the simulations and the experimental data.

3.4.2. Water-cooled heat sinks

This subchapter shows the performance of water-cooled heat sinks with different designs, varying
geometric parameters, via CFD simulations. Initially, a complete and detailed analysis of the thermal
performance of various conventional heat sinks designs is taken. Afterwards, heat sinks designs are

modified following some AM approaches, based on the best results of air-cooled heat sinks.
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As in air-cooled heat sinks, the main goal is to reach heat sink temperatures as low as possible,
minimizing thermal resistance. The computational domain (Figure 3-33) includes a microchannel heat

sink (main dimensions 50 x 50 x 20 mm?) with a 4.5 mm shell and pressure and temperature sensors.

Figure 3-33. Computational domain for studying water-cooled heat sinks.

d The  geometry

was o meshed using ANSYS

Inlet

@ Temperature sensors
125, 20, -25); (50. 10, -25)

Pressure sensors
10, 10, -25); (50, 10, -25)

Meshing by applying body sizing operation and, depending on the heat sink model under study, were
considered tetrahedral or hexahedral elements. Element size varied in a range between 0.5 mm and 1.5
mm and the total number of elements was the one whose results converged, with minimal computational
effort, i.e., enough to ensure mesh independence of the simulated results.

Mesh geometry was brought into ANSYS Fluent, where solver settings were defined. This includes
defining material properties, selecting appropriate physical models, prescribing operating and boundary
conditions, and providing initial values. Table 3-14 includes the main properties of the materials adopted

for each component: AISi10Mg for the heat sink and ideal water as the fluid passing inside the heat sink.

Table 3-14. Main properties of the materials considered for each component on water-cooled heat sinks.

AISil0OMg Water

Property (Heat Sink) (Fluid Domain)
Density (kg:m?) 2641 998.2
Specific heat (J-kg*-°C?) 1047¢ 4182
Thermal conductivity (W-m--°C-) 165.0 0.6
Thermal diffusivity (m?/s) 0.068 1.44 x 10~
Viscosity (kg:m-s?) - 1.003 x 10

As initial values, the system was considered at a room temperature of 20 °C. The outlet pressure
condition was used for the outlet boundary, heat source temperature was set at 90 °C and an inlet water
velocity of 1.22 m/s achieves a Reynolds number of 12500. Pressure drop across the heat sink, its
temperature and water outlet temperature were reported after 15 s on the respective sensors (Figure
3-33), considering a time step size of one second with 10 maximum iterations per time step. Boundary

conditions and recorded data are in accordance with the CFD simulations results for air-cooled heat sinks.

¢ Specific heat at 86 °C (Appendix 3).
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During compute solution, according to Standard [-Epsilon viscous model, the discretised
conservation equations are solved iteratively until convergence, i.e., when changes in solution variables
from one iteration to the next are negligible (residual response less than 10-).

Considering the critical knowledge obtained in Chapter 3.4.1, an analysis of the influence of fins/pins
thickness/diameter (Figure 3-34) and spacing (Figure 3-35) inside the microchannel was done and is
reported on Table 3-15. For this purpose, pins with a diameter of 1.5 mm were not considered as their
production by AM is less viable.

According to the data (Figure 3-34 and Figure 3-35), as verified in air-cooled fins heat sinks, for a
lower heat sink temperature, the thickness of the fins should be as small as possible, with the bigger
spacing. In the case of pins heat sinks, contrary to what was observed in air-cooled heat sinks, better
results were achieved for higher pins diameter and spacing. In almost all heat sinks studied featured with
fins or pins, the heat sink temperature is smaller than when a simple heat sink (i.e., without fins or pins

inside) is used (orange dotted line).
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Figure 3-34. Influence of pins diameter or fins thickness on HS temperature after 15 seconds and on pressure drop.
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Figure 3-35. Influence of pins/fins spacing on HS temperature after 15 seconds and on pressure drop.
Table 3-15. Influence of fins/pins thickness/diameter and spacing inside the microchannel HS.

Fins microchannel HS

. . . . HS temperature Outlet water
Fins thickness Fins spacing after 155 Pressure drop temperature
1.5 mm 47.2 °C 688.8 Pa 27.4°C
_;Cj é 2.5 mm 5 mm 59.8 °C 396.6 Pa 29.0 °C
a 3.5 mm 54.6 °C 830.5 Pa 30.2°C
2.0 mm 47.8°C 947.7 Pa 33.9°C
w 3
§ ig 1.5 mm 3.5 mm 54.3°C 472.8 Pa 26.9 °C
” = 5.0 mm 47.2°C 688.8 Pa 27.4°C
Pins microchannel HS
o . . HS temperature Outlet water
Pins diameter Pins spacing after 155 Pressure drop temperature
58 2.5 mm 49.8 °C 1232.8 Pa 28.3°C
g3 5 mm
S £ 3.5 mm 48.6 °C 860.8 Pa 27.6 °C
2.0 mm 48.3°C 807.5 Pa 28.4°C
w g
§ ig 3.5 mm 3.5 mm 51.7 °C 726.5 Pa 27.2°C
” = 5.0 mm 48.6 °C 860.8 Pa 27.6 °C

After these conclusions, the same studies were done considering the best fins and pins heat sinks
reported in air-cooled heat sinks (Figure 3-24 and Figure 3-29, respectively). Compared with the simplest

fins or pins heat sinks (Table 3-15), there was an improvement in heat sink performance up to 9.5 %
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(Figure 3-36). Hence, AM approaches mentioned in Chapter 3.4.1 are also advantageous in water-cooled

heat sinks.

HS temperature after 15 s

Pressure drop

Outlet water temperature

Fins 43.6 °C

1221.7 Pa

27.5°C

Pins 44.0 °C

1179.2 Pa

28.4°C

Figure 3-36. Water-cooled heat sinks based on the best air-cooled ones.

Lattice sinks with different unit cells were studied. Cell size and thickness were fixed at 15 x 15 x

15 mm: and 1.5 mm, respectively, in accordance with air-cooled heat sinks. The results are shown in

Table 3-16. Due to software limitations, the unit cells studied for air-cooled heat sinks were not studied

in this context. So, among the models studied, the heat sink with cross-pattee unit cell showed the lowest

temperature. This unit cell has the higher surface area and volume.

Table 3-16. Performance of different microchannel lattice HS.

Model HS temperature after 15s Pressure drop Outlet water temperature

'?, Star 40.8 °C 1517.4 Pa 28.1°C

/\ W 40.8°C 1321.6 Pa 26.7 °C

e 3D 45.3°C 2097.0 Pa 24.2°C
Spider

56 Tetra 42.7 °C 1737.6 Pa 27.5°C

2(‘ 7\ Cross 35.4°C 1578.2 Pa 26.1 °C
X Pattee
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Air vs water-cooled heat sinks

After the analysis of water-cooled heat sinks, in which the considered height of the heat sinks is 20
mm, a study was carried out to understand what would be the height of the lattice air-cooled heat sink
(Figure 3-30) needed to reach the same temperature that was reached with water (35.4°C), considering
the same Reynolds number (12500). CFD results for lattice air-cooled heat sink temperature vs height
are recorded in Figure 3-37. It was found that the heat sink temperature tends to a minimum value that,
according to the trend equation, is reached when the heat sink height is around 50 mm. To reach the
temperature that is achieved with a 20 mm water-cooled heatsink (35.4°C), a 28.5 mm high air-cooled
heat sink is required. This difference can be explained by the different thermal diffusivity values of air and
water.

An important note is that, in both cases (air and water cooling), AM proved to be the best solution to
produce heat sinks. Regarding the cooling method, the choice should be made according to the available

volume and the cooling/performance specifications of the electronic component.
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Figure 3-37. Lattice air-cooled heat sink temperature for different heights.

3.4.3. Hybrid-cooled heat sinks

In order to optimize the results obtained in Chapter 3.4.1, water circulating in the perforated fins heat
sink with thicker fins (Figure 3-38) was considered, in addition to air cooling. Despite the significant

decrease in fins heat sink temperature, the air-cooled lattice heat sink (HS) continued to be advantageous.
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HS temperature after 15s
Fins aircooled HS 36.9 °C
Fins hybrid-cooled HS 31.8°C
Hexagon lattice air-cooled HS 26.7 °C

Figure 3-38. Hybrid-cooled fins heat sink.

A similar study considering water circulating inside the heat sink with thicker pins (Figure 3-39) was
done. Considering the higher diameter for pins heat sink (i.e., 3.5 mm) with water circulating inside them,
there was an improve of 0.7 °C compared to the best air-cooled heat sink model (hexagon lattice heat
sink, represented on Figure 3-30). So, these gains do not compensate the incorporation of another cooling

method.

HS temperature after 15s
Pins air-cooled HS 32.4°C
Pins hybrid-cooled HS 26.0 °C
Hexagon lattice air-cooled HS 26.7 °C

Figure 3-39. Hybrid-cooled pins heat sink.

3.5. Case study

In order apply all the knowledge acquired in Chapter 3.4, a central computer with heat sinks in
aluminium was selected due to the high thermal management needs. Figure 3-40 show more detailed
views of the central computer which is composed by three PCBs, three heat sinks and two cover sheets
for fan and connectors protection. Aluminium heat sinks, together with convection flow created by an

active fan, manage the heat dissipation.
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Figure 340. Central computer considered as case study.

The aluminium heat sink under study (Figure 3-41) has 87.5 x 64.5 x 11.9 mm as main dimensions,
fins with 2 mm, a weight of 71.9 g and a volume of 25.3 mma. The overall dimensions of the heat sink,
its holes and contact zones cannot be changed. The internal power dissipation is approximately 80 W. All
components surface shall not exceed 55 °C at any time. In case this requirement is not fulfilled, the
surrounding plastic components will be deformed. The internal fan shall have a size of T T T ™M and
be operational without any restrictions from = 6 V. The fan includes three speed-levels, controlled by
software, depending on several values such as: internal component temperature, audio volume, climate

control activity level and installation position in the vehicle.

Figure 3-41. Heat sink under study.

3.5.1. Numerical simulations

To reduce the computational effort in CFD simulations, the central computer of this case study was

simplified. Thus, as computational domain (

Figure 3-42), only the heat sink to be improved and the central computer housing with the fan were

considered.
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PCB contact zones

Figure 3-42. Computational domain considered for the case study.

The geometry was meshed using ANSYS Meshing by applying body sizing operation and, depending
on the heat sink model under study, were considered tetrahedral or hexahedral elements. Element size
varied in a range between 0.4 mm and 2.0 mm and the total number of elements was the one whose
results converged, with minimal computational effort, i.e., enough to ensure mesh independence of the
simulated results.

Mesh geometry (Figure 3-43) was connected into ANSYS Fluent and solver settings were defined the
same as in Chapter 3.4. As initial values, the system was considered at a temperature of 28 °C,
temperature at which fan is turned on. The outlet vent condition was used for the outlet boundary and
the central computer housing considered adiabatic. It was defined a heat flux of 80 W in each PCB contact

zone and an inlet air velocity of 5.2 m/s (1250 rpm) at 20 °C, considering the fan working at 6 V.

Figure 3-43. Example of a heat sink mesh considered for the case study
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During compute solution, the discretised conservation equations are solved iteratively until
convergence, i.e., when changes in solution variables from one iteration to the next are negligible (residual
response less than 10-), considering standard [-Epsilon viscous model, and time steps of one second.

The simulation is stopped when the heat sink surface temperature stabilizes, up to a maximum time
of 45 seconds. During that time, the surface temperature of the hotspots, usually the nearest points to
PCB contact zones (red points in Figure 3-44), was recorded.

Heat sinks design was varied according to the results obtained on Chapter 3.4, i.e., considering a
reduction in thickness and the incorporation of holes (Figure 3-44, model A) and 2.5 mm pins with holes
(Figure 3-44, model B), to be reliable to be produced by additive manufacturing. Also, was studied a
lattice heat sink, according to the previous studies (Figure 3-44, model C). Heat sinks information is
resumed in Table 3-17 and simulation results are reported in Figure 3-45 and 3.46.

As seen in the previous chapter, the lattice heat sink provided a higher area to volume ratio (Table
3-17), also resulting in lower and more uniform temperatures (Figure 3-45 and Figure 3-46). In all heat
sinks studied, including the original one, surface temperature stabilizes between 45 °C and 50 °C (Figure
3-46), being below the maximum temperature imposed (55 °C). All the new heat sinks proposed are
suitable to be produced by additive manufacturing and their weights are up to 29 % lower than the original
one. Therefore, the implementation of AM heat sinks could improve the performance of the central

computer and contribute to reduce car weight.

Original

Model C. Lattice heat sink

Figure 3-44. Heat sink designs considered for the case study.
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Table 3-17. Geometric characteristics of the heat sink designs considered for the case study.

Model Total area (cm?) Volume (cnm) Area to volume ratio Weight (g)
Original 200.2 25.3 7.9 719
A 179.5 20.7 8.7 58.8
B 147.0 17.9 8.2 50.8
C 249.2 20.8 12.0 59.1
Temperature
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Figure 3-45. Surface temperature contours of original (left) and lattice sink (right) (reported at approximately 10 seconds).
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Figure 3-46. Temperature evolution recorded on the highlighted points in Figure 3-44, along 60 seconds.

3.5.2. Experimental validation

To experimentally validate the performance of AM heat sinks developed for the case study,

conventional (Figure 3-47, left), lattice (Figure 3-47, middle) and hybrid lattice (Figure 3-47, right) heat

sinks were produced by machining and/or/with PBF, in aluminum. As in previous studies, stress relief

heat treatment was not applied to PBF heat sinks.
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Figure 347. Conventional heat sink produced by machining (left), AM heat sink produced by PBF (middle) and HM heat sink produced by
machining and PBF (right).

The methodology to produce the hybrid heat sink is resumed on the flowchart of Figure 3-48. The

machined half of the heat sink was attached to the building platform using four @4 mm steel dowels

Yes ) > -
[ 48
; Adapt a building platform Produce the straightened half
8 Mare & akisba NO _ with universal drilling to of the part by machining, Allacn Bie componant
building platform to attach et i — the building platform and
attach several considering the driling of the .
- the component? G place on PBF machine.
- components. building platform.
Remove the building . " .
platform from the machine Produce the remaining half Properly align the half to Calsblfatelthe FBF ma(l:hlne
<«— be produced by PBF on <«— considering the machined
and desattached the final by PBF Maai fiw:
part, agics software.

part half.

Figure 3-48. Flowchart of the production of hybrid heat sink and other hybrid parts

Comparing to the production totally via machining or PBF, the production of hybrid heat sink was

significantly faster (Table 3-18). Moreover, both in additive and hybrid heat sinks, the mass is reduced up
to 12 % and 7 %.

Table 3-18. Mass and time to produce each heat sink.

Heat sink production via
Machining PBF Machining + PBF
Machining: 02h15min

PBF: 02h06min
Total: 04h21min
65.28 g

Production time 06h15min 07h09min

Mass 7030g 6145¢g

The experimental validation was done considering the electronic enclosure described before
connected to a power supply (Figure 3-49). To simplify the system and being as close as possible to the
simulations, the remaining two heat sinks were removed from the enclosure. Two K-type thermocouples
were used: one is placed on the top of the heat sink (red points in Figure 3-44) and the other is placed in

the smaller PCB contact zone (white point in Figure 3-42). Sensors' data were recorded with a
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multichannel Multicon CMC-99 data logger for 20 seconds. On the day of the measurements, the room

temperature was around 27 °C.

Figure 3-49. Electronic enclosure used to experimental validate the heat sinks.

However, due to the electronic enclosure prototype (Figure 3-49) limitations, it was only possible to
induce 12 V of voltage, instead of the 24 V as supposed in the simulations, which corresponds to 40 W
of power dissipation and the fan working at 3 V. For this reason, the numerical simulations regarding the
three heat sinks had to be remade.

The results reported for the thermocouple placed on the top of each heat sink are summarized in
Figure 3-50. As predicted by the simulations, the AM lattice heat sink provided lower temperatures
(around 14 % lower) in the electronic enclosure, in the vicinity of the temperatures obtained for the hybrid
heat sink, which were around 12 % lower, comparing to the original heat sink. In all cases, the results

were relatively close to the numerical results.
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Figure 3-560. Temperature evolution on the electronic enclosure, considering each heat sink.

Moreover, the thermal resistance was calculated based on Equation 3-3 and the results reveal that,

using additive manufacturing, it has been reduced to less than half (Table 3-19).
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Table 3-19. Thermal resistance of each heat sink.

Heat sink production via

Machining PBF Machining + PBF
Air temperature 27 °C
Device temperature 34.4°C 29.5°C 30.2°C
Power dissipation 40 W
Thermal resistance | 0.185 °C/W 0.063 °C/W 0.080 °C/W
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3.6. Final remarks of this chapter

In this chapter, additively manufactured heat sinks were successfully evaluated through CFD
simulations and validated via an experimental apparatus. The main conclusions are as follows:

A In general, smaller diameters/thicknesses and larger fins/pins spacing with incorporation of
holes provided better results than conventional fins/pins heat sinks. Additionally, performance of
lattice heat sinks, only possible to be produced by additive manufacturing, was even better,
providing lower temperatures and lower thermal resistance, both in the overall study (Chapter
3.4) and in the specific case study (Chapter 3.5).

A The good performance of the lattice heat sink was experimentally validated, with a deviation of
only 0.5 °C between CFD simulations and the experimental data.

A Depending on the volume and/or performance requirements, it may be advantageous to use
microchannels heat sinks, with water circulating inside them. Their performance is superior to
air-cooled heat sinks.

By applying the acquired knowledge to a case study involving an automotive central computer in an
action-research strategy, it was found how advantageous it is to apply AM and hybrid manufacturing (HM)
with the reactive material AISi10Mg in the production of more efficient and sustainable heat sinks. The
production via HM was significantly faster than the production only via PBF, with experimental results
very similar.

Answering the research question: “How much additive manufacturing improves the performance of
heat sinks?”, heat sinks temperature was up to 56 % lower when compared to conventional heat sinks,
and weight was reduced up to 29 %, depending on the heat sink under study and on the type of cooling
method used. Considering the case study, the electronic enclosure temperatures were at least 12 % lower
when PBF and hybrid heat sinks were used. This resulted in a reduction of the thermal resistance to less

than half.
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4. INJECTION MOULDING INSERTS

This chapter intends to answer the research questions “Which is the general behaviour of aluminium
moulding inserts for injection moulding with transparent materials?” and “How much savings these
approaches achieve?”. To this, different conformal cooling channels designs were evaluated via numerical
simulations. The best design was applied to aluminium moulding inserts to experimentally evaluate their
performance moulding amorphous and semi-crystalline parts. In the end, considering the hybrid approach
studied throughout this work, it is evidenced the potential in combining the best of both methods for a

faster production with less material waste.
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4.1. Introduction

As a response to the needs of the market, moulds’ industry integrated new technologies to reduce the
time of a product development, appearing the concept of hybrid moulds (Figure 4-1). This concept consists
in combining conventional mould manufacturing with additive manufacturing (AM), reducing costs and time
in the production of injection moulding (IM) components. Many authors have been studied some variants
and improvements of these tools and their performance, capable of producing parts with better properties

than conventional manufacturing.

Figure 4-1. Hybrid mould concept and technologies used.

Compared to conventional moulds, hybrid moulds have interesting strengths, such as [1-3]:

q efficiency, by decreasing the volume of material used, and energy consumption, due to the
possibility of being able to use the same mould structure to produce different polymeric parts;

9 freedom of geometric shapes, namely in the cooling channels;
9 flexibility to modify and apply a design concept to testing, such as different cooling systems for the
same polymeric part.
However, it should be kept in mind that hybrid moulds concept still presents some limitations that
restrict its applicability and expansion, namely [1]:

9 the thermal and mechanical properties of some additive manufacturing materials available on the
market are not always adequate for moulding inserts to have a life span equivalent to conventional
moulds;

9 the need for improvement in dimensional accuracy, surface finishing, working dimensions, as well
as repeatability and reliability;

9 additive manufacturing technologies still have relatively high costs to be easily implemented in the

industry.
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4.2. Brief review on metallic injection moulding inserts

Through the years, many AM technologies have been applied in IM inserts mainly Powder Bed Fusion
(PBF), stereolithography (SLA) and Material Jetting. The metal-based technology used in this work, i.e.,
PBF, can create almost fully dense parts, only in one stage, if thermal treatment was not applied. However,
most of the times, the use of PBF for application in injection moulds is based in tool steel and aluminium-
based studies are very scare.

Despite its lower mechanical strength, the use of aluminium moulds, with a thermal conductivity up
to five times higher than a traditional steel, ensures a reduction of the cooling time, lower risk of warpage
and sink marks and lower stresses with economic advantages [4-6]. Incorporating conformal cooling
channels (CCC) into these moulds further enhances these advantages. Nowadays, aluminium is more
discussed for simpler applications such as blow moulding [7] and extrusion dies [8, 9], or for preliminary
studies about the manufacturability of internal channels, not considering the production of moulding inserts

itself [10].

4.2.1. Conformal cooling channels

Injection moulding is the most used manufacturing technology for low-cost and high reliability plastic
parts and comprises five main stages, by means of the application of heat and pressure: (i) plastification,
(i) injection, (iii) packing, (iv) cooling, and (v) ejection (Figure 4-2). Since the cooling phase represents a
large part of the total injection cycle time (typically around 70 — 80 %), the use of this type of optimised
cooling configuration can lead to significant savings (up to 50 %) that translate into increased productivity
in the injection moulding process [11-13]. Moreover, with a controlled temperature distribution on the
surface of the part (maintaining a constant distance from the cooling channels to the part), it is possible to
prevent certain defects that can occur in the injection moulding process, such as shrinkage and warpage,
ensuring the quality of the moulded parts [14, 15]. However, the field of conformal cooling channels (CCC),
the focus has been mainly based on simulation work and there are few studies that consider experiments,

e.g., regarding the quality of the parts [16].

1.PLASTIFICATION 2.INJECTION 3.PACKING 4. COOLING 5.EJECTION

Figure 4-2. The injection moulding process.

The thermal properties of the material and the cooling channels are two key factors that determine

the cooling characteristics [17]. For example, comparing injection moulding inserts with CCC with a
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conventional mould in a highly thermal conductive material with straight-drilled cooling channels, e.g.
copper, cycle time was similar but there were fewer residual stresses with the first one [18]. Under other
conditions, moulding inserts with low thermal conductivity made from titanium alloy and with CCC had
similar performance as conventional injection moulding inserts, confirming efficiency of CCC [19]. Figure

4-3 shows a comparison of straight and conformal cooling channels [20].

Figure 4-3. a) Straight-drilled vs b) conformal cooling channels [15].
Basic theoretical background

Injection moulding process can be described as a transient process where the heat transfer balance
(Equation 4-1) occurs when the heat transfer rate from the molten polymer to the mould material by
conduction (Equation 3-1) (QO.) becomes equal to the heat transferred from the mould material to the

coolant by convection (Equation 3-2) (Q.) and ambient air (Q.) by convection and radiation [21].

Equation 4-1. Heat transfer balance in injection moulding process.

0 0O 0 7
Most of the times, the Q. obtained is less than 5 % of Q., which means that, to improve the cooling
performance, the aim is to maximize Q. [22]. With this, Q. may be considered negligible and the mould

boundary adiabatic, simplifying Equation 4-1 to Equation 4-2.
Equation 4-2. Heat transfer balance in injection moulding process (simplified).

0 ¥} T

Design notes

The cross-section shape of the conformal cooling channels has influence on the heat transfer process.
According to some authors, the section that offers the most efficient cooling is the one that allows a constant
distance to the plastic part [23]. When considering circular shapes, the execution of water lines with a
diameter greater than 8 mm should be avoided due to the need to include support structures [13]. When
supports structures are not placed, surface finishing of powder-based additive manufactured internal

passages tends to be poor, especially downskin surfaces (Figure 4-4, left) [24].
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For this reason, some authors suggested the usage of internal supports that can suppress the collapse
and warpage of internal channels, improving the manufacturability (Figure 4-4, right) [25-28]. Another
suggestion is the usage of multiphase hydrodynamic flows or vibrofinishing to polish the cooling channel

surface [29, 30] or the implementation of roundness prediction models [31-33].

Figure 4-4. Rougher passages of cooling channels (left) and conformal cooling channels (CCC) with internal supports (adapted from [24]).

The inclusion of lattice structures is also considered for a lightweight mould, maintaining similar
thermomechanical performance, and can reduce energy costs up to 13 % and mass savings in 30 %

compared to a IM insert without lattice structures [34, 35].

4.2.2. Quality of mouldings

More efficient cooling promoted by CCC improves the quality of the parts obtained by injection moulding,
which is evaluated according to: (i) surface appearance and (ii) shape and dimensions [36-38].

In terms of surface appearance, the quality of the mouldings depends on the surface finish of the
moulding inserts [38]. The surface roughness of moulding inserts produced by PBF is defined by both the
particle size of the powder and the precision and parameters of the process [37, 39, 40]. However, given
the significant surface roughness, finishing operations such as polishing, machining and/or coatings must
be considered [39, 41, 42].

The shape and dimensions of an injection-moulded part are also affected by warpage and shrinkage
[38]. The shrinkage of mouldings can be reduced by implementing a conformal cooling system, especially
when they are injected with semi-crystalline polymers, such as polypropylene (PP) [2, 3, 36, 43]. The
injection process parameters also affect the shrinkage, mainly the second pressure, injection temperature
and the mould temperature. Warpage is a phenomenon that is intrinsically related to non-uniform shrinkage
that causes the deformation of the moulded products and the change of their geometry.

General performance of injection moulding inserts produced by additive manufacturing also depends
on the nature of the injection material. That is, more abrasive materials like glass filled polymers degrade
the tool more quickly than, for example, PP. Moreover, very viscous materials, which require high injection

pressures or temperatures, may exceed the capabilities of the moulding inserts that have mechanical
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propetrties inferior to those of moulding inserts made with conventional materials, e.g., maraging steel [44,

45].

4.2.3. Economic evaluation and the emerging of hybrid manufacturing

The cost evaluation of AM processes in the production of moulding inserts is not yet fully understood
and always depends on the case study [46]. The decision between using additive or subtractive methods
is conditioned by aspects such as the cost of raw materials and equipment, geometry and dimensions of
the part [47, 48]. Some literature on this topic refers that subtractive manufacturing is the most
advantageous method for larger and less complex parts [49, 50]. On the other hand, despite the constant
evolution of additive processes and materials, these still present a relatively high cost. However, there are
studies that demonstrate the great potential of these technologies to reduce costs and time, mainly due to
the incorporation of CCC [46]. Boccardi et al. [51] conducted an economic feasibility study on the
incorporation of AM in moulding inserts as an alternative to conventional injection moulds. Although the
acquisition and operational costs of metal PBF equipment and materials are high, steel moulding inserts
with conformal channels allowed a decrease in cooling time by ten seconds, compared to the conventional
mould. For this reason, this industry can recover the investment if a long production series was considered
(48, 52, 53].

A relevant trend in the moulds’ industry in recent times is hybrid manufacturing. Hybrid manufacturing
consists on produce the base of injection moulding inserts by conventional manufacturing (e.g. Computer
Numerical Control (CNC)) and the moulding zone by AM, taking advantage of geometric freedom and CCC.
Depending on the case study, hybrid manufacturing approaches provide lower energy consumption and
costs savings up to 20 % compared to moulding inserts all produced by AM [49, 54, 55]. However, hybrid
manufactured tools may have lower mechanical properties and tool life than the same tools produced by
conventional machining, even though failure of the bonded regions hardly occurs during injection moulding
process [54, 56].

Considering hybrid manufacturing, particular attention should be paid to the machining process
(before AM) which must result in quality parallel surfaces as they serve as substrate to produce the most
complex parts by AM. Substrate positioning on AM equipment must be accurate and by coordinates and it
is important to calibrate the AM equipment well to ensure a more effective union between the two parts
[47, 57-60].

Moreover, hybrid manufacturing processes always require careful planning that should consider the
processing nature of AM (dimensional deviations, layer thickness, orientation), machining tools and part

attributes (specific characteristics and tolerance requirements). This planning should also take into account
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the decomposition of a part into a number of subparts (which are manufactured by AM and which are
manufactured by subtractive manufacturing), the infinite number of workable process sequences for
manufacturing a part and the process change time [47, 61, 62]. An algorithm developed by Homar and

Pusavec [54] showed that 65 % subtractive manufacturing and 35 % AM is the ideal combination for lower

cost.

4.3. Moulding inserts development

4.3.1. Part and mould structure

The test part (Figure 4-5) to be processed by the different moulding inserts was designed for monitoring
thermal behaviour. With a nominal angle of 30°, it is also suitable for monitoring one of the main defects

induced by non-uniform cooling, i.e., warpage.

30

4,50| 846 24,72

40

Figure 4-5. Technical drawing of the test part.

The mould structure (Figure 4-6), with main dimensions 275 x 290 x 238 mm, was designed to easily

receive different core and cavity moulding inserts made by conventional or additive manufacturing.

Ejection side

Injection side
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Figure 4-6. Mould structure.

With this mould structure, it is possible to produce two parts simultaneously, as shown by the initial
moulding inserts (maximum dimensions: 169.9 x 183.6 x 60.3 mm) (Figure 4-7, left). However, to facilitate
the present study (both CAE simulations and experimental work), the moulding inserts will be reduced to
half (maximum dimensions: 169.9 x 91.8 x 60.3 mm). The remaining half being will remain filled with a

steel block (Figure 4-7, right).

Figure 4-7. Original moulding inserts (left) and moulding inserts reduced to half (right).
The original temperature control system that removes heat from the part consists of a single U-shaped

circuit in both mould halves, making the contour of the part geometry (Figure 4-8). The diameter of the

machined channels is 8 mm and the selected coolant is water.

Figure 4-8. Conventional temperature control system on cavity (left) and core (right).

The ejection system consists of two cylindrical ejectors. One positioned in the central zone of the piece
and the other in the feeding channels (Figure 4-9), promoting a smooth and balanced ejection of the feed

system, avoiding possible warping of the parts.
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Figure 4-9. Ejection system.

4.3.2. Numerical procedure

The procedure to select the best injection moulding inserts (Figure 4-10) starts with the design of
different conformal cooling channels, based on the technical-scientific knowledge acquired before. All
designs are tested via Moldex3D preliminary simulations to realize the ones with the most potential to be
applied to injection moulding inserts. Then, for the selected cooling systems, full injection moulding process
simulations are done, considering the same cooling time. To the final CCC configuration, the pressure
curves are acquired and then considered for mechanical simulations via ANSYS Static Structural to check
if the maximum strength is below the compressive yield strength reported on previous chapter (Table 2-13).
If yes, the moulding inserts to be produced by additive manufacturing can be topology optimized to reduce
the mass and the material needed, and increase producing speed, without compromising the structural

performance.

Design of different Maoldex3D
conformal cooling preliminary
channels simulations

Select the best Moldex3D final
CCC designs simulations

T

aximum strengt : Acqguire
: . Ansys Mechanical
is below the compressive ;mulations pressure
yield strength? CUrves

aximum strengt|
is below the compressive
yield strength?

Topology
optimization

No

Figure 4-10. Procedure to select the best injection moulding inserts.
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Materials properties

As injection materials, two different materials were considered: an amorphous polystyrene (PS)

165N/L da Styrolution (Appendix 5) and a semicrystalline PP 579S da Sabic (Appendix 6), whose main

properties are summarized in Table 4.1. A semi-crystalline material was chosen because the degree of

crystallinity and molecular weight affect the properties of a polymer and, under controlled cooling

conditions, it is possible to maximise the volume of crystallites and hence the degree of crystallinity.

Table 4-1. Injection materials main properties.

Property

PS 165N/L (Styrolution)

PP 579S (Sabic)

Tensile Stress at Yield, 23 °C
Tensile Strain at Yield, 23 °C
Tensile Modulus

Hardness (Rockwell)

Density

52 MPa

2%

3.3 GPa

62

1040 kg/cm?

37 MPa
8%
1.8 GPa
113
905 kg/cm?

The moulding inserts materials used in the simulations were aluminium alloy AW-6082 (for

conventional straight-drilled cooling channels) and AlSi10Mg for conformal cooling channels. The properties

of the materials used were set according to Chapter 2, and are shown in Table 4.2. As thermal properties

were similar with and without the stress relief heat treatment (HT), but the compressive properties were

improved by 7.5 % after heat treatment, the stress relief heat treatment was considered in this application.

Table 4-2. Moulding inserts materials main properties.

Property AW-6082 AISi10Mg (with HT)

Density 2.757 g/cm? 2.645 g/cm?
Heat capacity (at 40 °C) 794.2 )/g°C 980.7 J/g°C
Thermal conductivity 133.17 W/m°C 165.9 W/m°C
Thermal expansion coefficient 22.09x10s °C* 25.85x10° °C*
Young's modulus 83.7 GPa 64.9 GPa

. Yield strength at 0.2% 182.7 MPa 111.5 MPa

25 Elongation at yield 0.62 % 0.30 %

" Ultimate tensile strength 422.0 MPa 322.3 MPa
Elongation at break 4,99 % 3.29%

2 Compressive modulus 19.1 GPa 14.3 GPa

gé Yield strength 0.2% 328.5 MPa 252.2 MPa

§ ’ Elongation at yield 2.06 % 2.43 %
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Conformal cooling system design

The conformal cooling channels (CCC) geometries that were analysed were designed in the computer-
aided design (CAD) software Solidworks. In conventional geometry, the cooling channels with a diameter
of 8 mm are between 18 mm and 31 mm away from the part. Otherwise, for all conformal cooling channels
designs, this distance is constantly equal to 18 mm. In all cases, the geometries were exported in STEP
(Standard for the Exchange of Product Data), which is a neutral file format, and imported into Moldex3D.

The analysed CAD geometries are shown in Table 4-3, where grey volumes correspond to water.

Table 4-3. Conformal cooling channels studied.

Name Geometry

Conventional

(@ 8 mm)

#CCC1
(@ 8 mm)

#CCC2

#CCC3

#CCC4
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#CCCh

#CCC6

Geometry #1 represents the most usual conformal cooling channel geometry. Then, conformal cooling
channels from #2 to #6 were created based on a bain-marie concept, were almost the whole geometry of
the part is covered by water (Figure 4-11) [64]. Geometry #2 is based on a distributor and collector channel;
Geometry #3 considers the lattice structures studied on the previous chapter (Figure 3-44); Geometry #4
includes pins to induce turbulence of the coolant uniformly through the cooling channel [63], Geometry #5

is based on honeycomb structures; and Geometry #6 considers wavy blades.

#CCC6
#CCC5
#CCC4
#CCC3
#CCC2
#CCC1

Conv.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Relative coverage (%)

Figure 4-11. Relative coverage of the part with each conformal cooling channels designed.

4.3.3. Evaluation of thermal behaviour

To evaluate the thermal behaviour of the different cooling designs, Moldex3D software was used. In a
first stage, filling and packing analysis were done, considering mesh elements of 2 mm, according to the
mesh study done for standard moulding inserts and presented in Figure 4-12. Mesh elements of 2 mm

make a total number of approximately 21000 mesh elements.
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Figure 4-12. Number of mesh elements in the part as a function of melt from temperature and computation time for conventional moulding
inserts.

The standard finite element method (FEM) model of the analysed moulding part together with the
cooling channel systems is shown in Figure 4-13. Polymeric materials for planned simulations were
selected from Moldex3D database: PP 579S from Sabic and GPPS 165H from Styrolution. Mould materials
were selected depending on the designed cooling channels, i.e, AW-6082 for conventional cooling channels

and AISi10Mg for conformal cooling channels, considering the main properties referred in Table 4-2.

Figure 4-13. FEM model of the part and designed cooling channels with inlets and outlets for simulation in Moldex3D.
In the injection moulding simulation, the Modified Cross Models were used as viscosity model of the
analysed materials. For PP 579S, Equations 4-3 and 4-4 were considered, where — is the apparent
viscosity, — the lower Newtonian viscosity,] the shear rate, T the temperature, P the pressure and material

constants have the values 7= 0.341, T = 227000 Pa, B = 0.0145 Pa.sec, T.= 5210 Kand D = 0 P.
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Equation 4-3. Apparent viscosity according to Modified Cross Model.

Equation 4-4. Lower Newtonian viscosity for PP 579S, according to Modified Cross Model.

- 0

For GPPS 165H, Equations 4-3, 4-5 and 4-6 were considered, where — is the apparent viscosity, no

the lower Newtonian viscosity, [ the shear rate, T the temperature, P the pressure and material constants

have the values n=018542, 1=36027 Pa, D:=2.11096x102 Pa.sec, D.=373.15 K, D3=0 K/Pa,
A=28.3127 and A»=51.6 K.

Equation 4-5. Lower Newtonian viscosity for GPPS 165H, according to Modified Cross Model.
- 0
Equation 4-6. Calculation of material constants for GPPS 165H.
Y O OO0 and O O (O}

In Table 4-4, the basic process parameters selected in accordance with the recommendations of the
producers of the polymeric materials are presented. Up to 98 %, the part was filled at a constant flow rate.

Then, the packing pressure was set in three steps for both materials (Figure 4-14).

Table 4-4. Basic process parameters used in the injection analysis.

Processing parameter PP 579S GPPS 165H
Maximum injection pressure 140 MPa 250 MPa
Injection temperature 240 °C 230 °C
Mould temperature 40 °C

Eject temperature 90 °C 84 °C
Injection time 0.75s

VP switch-over by volume 98 %

Packing time 473 s
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Figure 4-14. Multistep setting of the packing pressure profile.

To global analyse the performance of the different cooling channels designed, average packing
temperature was recorded (Figure 4-15). Results showed that, for both amorphous and semicrystalline
polymers, the average temperature after packing (5.5 seconds) was up to 4.7 % lower for conformal cooling

channels #2.

#CCC6
#CCC5
#CCC4
#CCC3
#CCC2
#CCC1

Conv.
95.0 97.0 99.0 101.0 103.0 105.0

Average temperature after 5.5 s | PP

#CCC6
#CCC5
#CCC4
#CCC3
#CCC2
#CCC1

Conv.

105.0 107.0 109.0 111.0 113.0 115.0

Average temperature after 5.5s | PS

Figure 4-15. Average temperature after packing for each cooling channels.

For this reason, considering these cooling channels, the mechanical strength of the moulding inserts

was evaluated using ANSYS Mechanical.

4.3.4. Mechanical simulations

Considering the results of the injection moulding process simulations, filling pressure curves obtained
in Moldex3D (Figure 4-16) were imported in Ansys Mechanical to evaluate the structural performance of

the AISi10Mg moulding inserts with the stress relief heat treatment. As the pressure when moulding PS is
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higher, this curve was considered for the mechanical simulations. The part was supported in the way that
is closest to the real situation of a mould in the injection moulding machine. The constraints and loads
applied to the numerical models are shown in Figure 4-17. All degrees of freedom were constrained, so

the constrained faces do not allow any translational or rotational motion.

60
PS

—FP
50

40

30

Pressure (MPa)

20

Time (s)

Figure 4-16. Filling pressure curves obtained in Moldex3D.

Figure 4-17. Pressure applied on the injection moulding inserts (left) and fixed faces (right).

Contours were obtained to assess the distribution of stresses and displacements. The aim of
mechanical simulations is to apply topology optimization fundaments, by reducing material on the points
of lowest stresses, within the available volume. Figure 4-18 (left) shows graphic results in terms of

equivalent stresses according to Von-Mises criterion. The contours show highest von-Mises stresses close
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to the centre of the areas of load application, in the conformal cooling channels. While the contour might
not present clear gradients of results, it is important to note that von-Mises stresses are equivalent stresses,
which are calculated according to the principal stresses. The relationships between the principal stresses

might originate results whose contours are non-trivial, such in this case.

Figure 4-18 (right) shows graphical results in terms of total displacement. The contour shows higher
deflections in the place of load application, which is also a place with higher distance to the constrained

areas. In general, there is a deflection gradient caused by the distance to the areas of load application.
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Figure 4-18. Stress and displacement of core (top) and cavity (bottom) with conformal cooling channels.

The main purpose of studying geometries with conformal cooling channels are the advantages from
the thermal point of view, namely a reduction in the cooling time, as well as of the warpage. Nevertheless,
the structural behaviour must be good enough to withstand the pressure during the injection moulding
process.

Taking these results into account, the inclusion of cellular structures was considered in the injection
moulding inserts with conformal cooling channels, to be produced by PBF. Periodical cell rib/strut length
(L), diameter (D) and angle (3- ) were designed to be, respectively, 2 mm, 0.6 mm and -30° (Figure 4-19).
Considering the adopted cell/strut angle (i.e. -30°), it is expected that the lattices display auxetic behaviour
(i.e. negative Poisson’s ratio) once they have been proven to highlight hinging deformation mechanisms,
relatively to flexure and axial deformation mechanism [59]. Moreover, due to their cellular nature, they will

also lead to a reduction in mass.
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Figure 4-19. Unitary periodic auxetic cell with printing direction highlighted by red arrow, used to mass and volume optimizations [59].

In this sense, some auxetic unit cells arrays were incorporated around the injection moulding inserts,

considering the available volume (Figure 4-20).
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Figure 4-20. Injection moulding inserts with conformal cooling channels and auxetic structures.

Numerical mechanical simulations were also done for these optimized injection moulding inserts and
considering the same boundary conditions. The results, resumed in Figure 4-21 and Table 4-5, showed a
similar or even better mechanical performance for these lighter moulding inserts. Weight and volume were
reduced at least 15 %, with lower von-Mises stresses. Core displacement was the same while in the cavity

increased only three thousandths of a millimetre.

100



Chapter 4. Injection moulding inserts

GFINAL
Total Deformation

pot
17/02/2023 1548 i
119,37 Max
24 0016222 Max
o184

1,6522¢-12 Min

B: final
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 75
17/02/2023 15:84

74064 Max
65,835
57,605
49376
a1,47
2,07
24,688
16459
82293
0Min

Figure 4-21. Stress and deformation of optimized core (top) and cavity (bottom) with conformal cooling channels.

Table 4-5. Results of weight/volume optimization of moulding inserts with conformal cooling channels.

Weight Volume Maximum pressure
Original 1955 ¢ 709 cm? 132 MPa
Core  Optimized 1542 g 583 cm? 119 MPa
Reduction ~21% ~18 % ~10 %
Original 1175¢g ¢ 445cm? 78 MPa
Cavity  Optimized 9% ¢ 377 cm? 74 MPa
Reduction ~15% ~15% =~5%

As, in both moulding inserts, the compressive stress is less than half of the one reported in the
experimental characterizations (Table 2-13), these mass and volume optimizations were considered

effective for the next steps.

4.3.5. Injection moulding process simulations

To complete the analysis of the different injection moulding inserts developed, fully process injection
moulding simulations were done, considering the same parameters presented in Table 4-4 and Figure
4-14. The cooling time was adjusted for conventional cooling channels and is the one for which the frozen
layer ratio of the part is higher than 50 % and the average temperature throughout the thickness in

practically the entire part and feed system is below the freezing temperature, i.e., 110 °C for PP and 104
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°C for PS (Figure 4-22). This results in a cooling time of 17 seconds for PP 579S and 20 seconds for GPPS
165H.
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Figure 4-22. Frozen layer ratio and average temperature considering the defined cooling time.
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Figure 4-23 shows the numerical simulation results of part temperature difference of injection
moulding inserts with straight-drilled and conformal cooling channels. In straight-drilled cooling channels,
sharp turns at the connection of two adjacent straight-drilled channels impede the coolant mobility, leading
to a sudden pressure drop that weakens the cooling capacity downstream and further enhances the uneven
cooling [60]. Considering the same cooling time, the highest temperature of the part surface is much lower

and more uniform using conformal cooling channels.
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Figure 4-23. Numerical simulation results of part surface temperature at the end of the cooling.

The influence of conformal cooling channels can also be notorious in the cavity surface average
temperature evolution considering two injection cycles (Figure 4-24). Using AlSi10Mg and conformal cooling
channels, moulding inserts average temperature can be reduced in about 3 % or 2 %, depending on polymer

crystallinity. That is, the more crystalline the material, the more pronounced this reduction.
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Figure 4-24. Cauity surface average temperature moulding PP 579S and GPPS 165H.
The thermal and pressure gradient are the most important parameters deciding the shrinkage and
warpage [61]. As expected, the shrinkage was higher for semicrystalline polymer. Although, in both cases,
the shrinkage decreased with conformal cooling channels, which is consequence of thermal and pressure

histories inside the mould (Figure 4-25).
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Figure 4-25. Numerical simulation of volumetric shrinkage at the end of the injection cycle.

Figure 4-26 shows the numerical simulation results of total displacements in total directions. The more
anisotropic shrinkage resulted in greater warpage in the part produced with the moulding inserts with
conventional cooling channels and even greater in the semicrystalline polymer. In GPPS 165H parts, there

are no significant different between both cooling methods.
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Figure 4-26. Numerical simulation of total displacements at the end of the injection cycle.

4.3.6. Production of moulding inserts

The production of conventional moulding inserts by machining, i.e., subtractive manufacturing, was
done considering the aluminium alloy AW-6082 and a CNC DMU 50 machine (Figure 4-27). The production
of optimized moulding inserts with conformal cooling channels by powder bed fusion (PBF) was done
considering the aluminium alloy AISi10Mg. In this case, the injection moulding inserts were manufactured
upright with the lowest possible built height for time efficiency and the minimum amount of support

structures. It was considered a layer thickness of 50 um, according to a parallel study reported in
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Appendix 7. All external surfaces were manufactured with an oversize between 0.5 mm and 1 mm
(according to Chapter 2.4.4) to enable post-processing (Figure 4-28). This includes machining of as-built

surfaces and hand threading of the holes for water inlet and outlet and sensors (Figure 4-29, right).

Figure 4-27. Injection moulding inserts produced by subtractive manufacturing with straight-drilled cooling channels.
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Figure 4-29. Injection moulding inserts produced by additive manufacturing before (left) and after (right) surface finishing (via machining).

However, even after finishing operations, the surface of the moulding inserts produced by additive
manufacturing showed some porosity (Figure 4-30). Given the round shape of the pores, this porosity,
visible on both the core and the cavity, could be due to overheating caused by a relatively high energy
density in the sintering process. Nevertheless, cavity surface roughness means that the contact area
between the polymer and the cavity wall increases, which can result in a better contact situation, increasing
the heat transfer coefficient, i.e., thermal transfer ability of the interface between the polymer melt and the

aluminium wall [24, 69]
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Figure 4-30. Detailed view of porous surface on the cavity produced by PBF, after machining.

Regardless of that, a resume of material and time consuming in the production of conventional
moulding inserts (by subtractive manufacturing) and with conformal cooling channels (by additive

manufacturing) is presented in Table 4-6.

Table 4-6. Summary of material and time consuming in the production of conventional moulding inserts (by subtractive manufacturing) and
with conformal cooling channels (by additive manufacturing).

Subtractive manufacturing Additive manufacturing

Core Cavity Total Core Cavity Total
Spent material (g 4200 2400 6600 2002 1168 3170
Pre-poduction time (hh:mm)  02:40 04:20 07:00 { 00:15 00:15 00:30

Production time (hh:mm)  07:45 07:25 15:10 59:52¢
Finishing operations time (hh:mm)  02:55 00:50 03:45 : 05:40 09:35 15:15
Total time (hh:mm)  13:20 12:35 25:55 | 05:55  09:50 75:37
Final weight (g) 1895 1142 3037 ¢ 1590 995 2585
Material waste (%) 55 % 52 % 54 % 21 % 15% 18 %

From the analysis of the Table 4-6, it is important to note that, although the production time is higher
for the moulding inserts produced by additive manufacturing, the time when the operator is needed is less
than 16 hours, which corresponds to pre- and post-production operations. In the case of subtractive
manufacturing, the operator time is higher, being close to the production time.

In the end, by using the moulding inserts produced by additive manufacturing, the material spent was

reduced by more than 50 % and the final weight by about 15 %, resulting in a much lower material wastage.

¢ Considering the production of the two injection moulding inserts simultaneously.
© Based on the spent material and the final weight of the moulding inserts.
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4.4. Injection moulding

For the experimental trials, the injection machine used was an Engel 200V/45, equipped with a @30
screw diameter and a clamping force of 450 kN. The initial injection moulding parameters for both moulding
inserts and injection materials were based on Moldex3D simulations (Table 4-4). Only adjustments had to
be made to the cushion to get completely full and compliant parts. The cooling time was 17 seconds for
PP parts and 20 seconds for GPPS parts.

After the stabilization of the process, 20 shots of parts were produced in each material and moulding
inserts and the pressure and temperature curves were acquired with the respective sensors (Figure 4-31)
(Priamus 6001B1.0 and Type-K thermocouple) and data acquisition systems. Experimental temperature
measurements also revealed differences in the average temperature recorded with the thermocouple,
which is resumed in Table 4-7. Using additively manufactured moulding inserts, the reduction in average
temperature is more evident for the semi-crystalline polymer, as predicted in the simulations (Figure 4-24).

Experimental temperature vs time evolution along ten injection cycles is presented in Appendix 8.

. L
Pressure Temperature
sensor sensor

HONIFZ

Figure 4-31. Location of pressure and temperature sensors on the surface of the part.

Table 4-7. Recorded average temperature for each moulding inserts and polymers, considering 10 shots.

PP 579S  GPPS 165H
AW-6082  46.3°C 445°C
AISi10Mg  44.0°C 44.4°C

-4.8% -0.3%

Figure 4-32 resumes the data acquired with the pressure sensor, for both materials. One reason to
the difference between numerical simulation and experiment might be due to the true injection response

being slower [63].
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Figure 4-32. Cavity pressure curves for PP (up) and PS (bottom).

4.5. Parts analysis

After the production of the mouldings, it was verified that their appearance reflected the surface
finishing of the moulding inserts (Figure 4-30). That is, the parts produced with the AISi1OMg injection
moulding inserts replicated the roughness and porosity of cavity and core. These defects were especially

visible in the amorphous parts (Figure 4-33).

Figure 4-33. Surface appearance of the GPPS 165H mouldings, produced with the additive (top) and conventional (bottom) moulding inserts.
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Nevertheless, both PP 579S and GPPS 165H parts were evaluated regarding tab angle, relative
crystallinity (for semi crystalline material) and haze (amorphous material), although haze results are

predictably worse for the moulding inserts with conformal cooling channels.

4.5.1. Warpage

The first criterion in which the conformal cooled mould was compared with the conventional cooled
mould is the degree of parts warpage. The tab angle of five injection moulded specimens were measured
with a 3D scanner (resolution: 117 um) in combination with measuring software. The resulting
measurements on the side of the core, as well as actual angle of the moulding inserts, are listed in Table

4-8. Remaining measurements are presented in Appendix 9.

Table 4-8. Average tab angle of injection moulded specimens, considering five measurements on the side of the core, and comparison with
the predicted tab angle predicted by the simulations.

Moulding inserts PP 579S GPPS 165H
Nominal Actual Predicted Actual Predicted Actual
AW-6082 30.00 30.00° £ 0.01° 30.14 31.17° £ 0.27° 30.03 30.34° £ 0.15°
AISi10Mg 30.00 29.98° £ 0.01° 30.12 31.05° £ 0.25° 30.02 30.30° £0.33°

Although the difference is not as significant as expected, probably due to the visible surface defects in
the mould produced by additive manufacturing (Figure 4-30) or the roughness on CCC surface (Figure 4-4),
there were improvements in terms of plastic parts angle. Naturally, these improvements were more
significant in the parts produced with the semi-crystalline polymer, being practically negligible in the parts
produced with the amorphous polymer (Figure 4-34). Furthermore, as the angle measurement process is
based on a point cloud, if the surface finishing of the additively manufactured moulding inserts were fully
compliant, the improvements in warpage would be even more relevant and the noted angle for these
moulding inserts would be even closer to the nominal one.

Comparing predicted and actual warpage, the warpage predicted by Moldex3D was always below the
real warpage, reaching deviations of around 3 % for semi crystalline mouldings and 1 % for amorphous
mouldings. Curiously, in all cases, numerical-experimental deviations are lower for moulding inserts with

conformal cooling channels compared to moulding inserts with straight-drilled cooling channels.
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a) PP | AW-6082

b) PP | AISi1OMg

c) PS | AW-6082

d) PS | AISilOMg

Figure 4-34. Warpage of the mouldings (predicted - top; actual - bottom).

4.5.2. Relative crystallinity

Cooling rate proved to have a significantly stronger influence on crystallinity of polymers. In this sense,
relative crystallinity was measured using Differential Scanning Calorimetry (DSC), based on the heat
required to melt the semicrystalline polymer, i.e., PP 579S. The heat associated with fusion is reported as
percent crystallinity by normalizing the observed heat of fusion to that of a 100 % crystalline sample of the
same polymer. According to TA Instruments [64], this value is equal to 207 J/g for PP.

In this work, three samples of PP moulded with each injection moulding inserts, with a mass around
10 mg, were analysed over a temperature range from 30 °C to 200 °C, considering a heating rate of 10
°C/min. Figure 4-35 shows DSC curve for one PP sample, moulded with each moulding inserts. Netzsch
Proteus software was used to calculate the enthalpy of fusion for each sample. The results are summarized

in Table 4-9.
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Figure 4-35. DSC curve por PP 579S parts moulded with AISi10Mg (conformal cooled) and AW-6082 (straight-drilled cooled) moulding
inserts.

Table 49. DSC characterization of PP 579S samples.

Melt onset temperature’?  Melt peak temperature Enthalpy Crystallinity
AW-6082 155.8 +3.1°C 169.3+ 0.6 °C 90.7+15J/¢g 438+ 0.7 %
AISi10Mg 160.6 + 2.5 °C 170.1+ 0.6 °C 82.2+581J/¢g 39.7+2.8%

Results revealed a decrease in PP 579S crystallinity when additively manufactured moulding inserts
were used. The conformal cooling channels increase the cooling rate, decreasing the melt crystallization
temperature and the amount of polymer that crystallizes from the molten state. In other words, when a
semi-crystalline material is slowly cooled down, the amount of crystallized chains ratio reaches to the
ultimate crystallinity and equivalently the relative crystallinity would be 100 % [65, 66]. Lower crystallinities
may be beneficial especially in the case of using propylene with clarifying agents. Moreover, the better

cooling efficiency also had effects in increasing both melt onset and peak temperatures.

4.5.3. Haze

In amorphous polymers, with no structural ordering of the chains, the largest ordered region
corresponds to the carbon-carbon bond; as this dimension is much smaller than the wavelength of visible
light, these polymers are usually transparent. Furthermore, more transparent parts made with amorphous
polymers can be obtained by quickly cooling the molten to below the glass transition temperature. This can

be done taking advantage of conformal cooling channels [67].

1 Onset temperature is defined as the temperature at which the heat that is released by a reaction can no longer be completely

removed from the reaction vessel.
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In this sense, the evaluation of specific light-transmitting properties of the planar section of amorphous
parts was done using a hazemeter. According to ASTM D-1003 [68], haze is the scattering of light by a
specimen responsible for the reduction in contrast of objects viewed through it, i.e., reduction in
transparency. In other words, haze can be defined as the percentage of the total transmitted light that is
scattered from the incident beam by an angle greater than 2.5°.

The instrument used for measurements was Hazemeter XL-211 Hazegard and detected haze for GPPS
165H parts moulded with the moulding inserts with straight-drilled cooling channels was 20.16 + 0.08 %
while for the parts moulded with conformal cooling channels was 32.65 + 0.13 %. The increase in haze for
the parts produced with the moulding inserts produced by additive manufacturing is explained by its
porosity (Figure 4-30 and Figure 4-33) and, therefore, is not a measure of a better or worse temperature

control system.
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4.6. Final remarks of this chapter

In this chapter, different moulding inserts with temperature control systems were developed, taking
into consideration some design conclusions obtained in the previous chapter. Among six designs of
conformal cooling channels, the one that showed the most promising results was the one based on the
distributer concept. Considering the pressures imposed during the injection moulding process with both
materials (semicrystalline homopolymer PP and amorphous GPPS), the moulding inserts with the chosen
cooling channels were mechanically validated after topology optimization for mass reduction. Some
improvements were foreseen in the quality of the moulded parts considering the moulding inserts produced
by additive manufacturing in AISi10Mg with conformal cooling channels, in comparison with conventional
moulding inserts with straight-drilled cooling channels in AW-6082.

Therefore, both types of moulding inserts were produced: with straight-drilled cooling channels via
machining and with conformal cooling channels via powder-bed fusion, in AW-6082 and AISi10Mg,
respectively. The use of additive manufacturing allowed material waste savings of about 36 %, even
considering the subsequent finishing of these moulding inserts by machining. However, some porosity was
visible in them, which inevitably influenced the surface quality of the moulded parts.

Considering the same injection moulding parameters, predicted in Moldex3D simulations, the
mouldings obtained with the additively manufactured moulding inserts revealed a reduction in warpage,
with this reduction being more significant for the PP mouldings. Moreover, these parts also had less
crystallinity because of the better cooling efficiency. However, the results regarding haze were not as
expected due the surface porosity of AlISi10Mg moulding inserts.

The hypothesis of considering hybrid manufacturing to produce the conformal cooled injection
moulding inserts, combining a machined base plate with the more complex part produced by additive
manufacturing, could be advantageous in terms of material and time savings (Figure 4-36 and Table 4-10).
Overall, considering the data of Table 4-6, production by hybrid manufacturing could be 12% faster than
production exclusively by additive manufacturing and waste 17% less material than exclusive production by

machining.
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Figure 4-36. Hypothesis of hybrid manufacturing to produce injection moulding inserts.
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Table 4-10. Forecast of material and time consuming, if a hybrid production of the moulding inserts was considered.

Hybrid manufacturing

Subtractive manufacturing

Additive manufacturing

Total

Core Cavity Core Cavity
Spent material (g) 1008 1008 1428 888 4332
Pre-poduction time (hh:mm) 00:25 00:20 00:20 00:20 01:25
Production time (hh:mm) 01:00 00:50 46:50 48:40
Finishing operations time (hh:mm) 00:30 00:30 05:40 09:35 16:15
Total time (hh:mm) 01:55 01:40 06:00 09:55 66:20
Final weight (g) 391 186 1322 847 2746
Material waste (%) 61 % 82 % 7% 5% 37%

Answering the research question: “Which is the general behaviour of aluminium moulding inserts for
injection moulding with transparent materials?” and “How much savings these approaches achieve?”,
AISi10OMg moulding inserts with temperature control system with conformal cooling channels showed
potential in the production of transparent GPPS parts, although the porosity verified after surface finishing
by machining has compromised the quality in terms of haze of the mouldings. Considering the hybrid
approach studied throughout this work, the best of both methods can be combined: 12 % faster production

maintaining parts complexity characteristic of additive manufacturing (i.e., conformal cooling channels),

with 17 % less material waste, compared with subtractive manufacturing.

12 Based on the spent material and the final weight of the moulding inserts.
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5. CONCLUDING REMARKS

In this chapter the final considerations and main conclusions of the present thesis are summarized,

as well as some proposals for future developments.
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5.1. Main conclusions
This research project was focused on answering the research:

How much additive manufacturing contributes to improve the performance of thermal

management components?
To that, it was divided in four subordinate questions whose answers are summarized in this chapter.

How much hybrid manufacturing, i.e. combining subtractive and additive technologies, contributes
to the production of optimal aluminium parts?

With hybrid manufacturing, it was possible to produce parts with up to 34 % better thermal
performance (i.e., higher thermal diffusivity) and 27 % higher than those of AISi1OMg in terms of
compressive response. In addition, according to the case study presented, metallic PBF technologies

could have a significant role in the building of a circular economy.

How much AM improves the performance of heat sinks? How close are CAE simulations to real
measurements in predicting thermal management?

With AM, heat sinks temperature was up to 56 % lower when compared to conventional heat sinks,
and weight was reduced up to 29 %, depending on the heat sink under study and on the type of cooling
method used. Considering the case study, the thermal resistance was reduced to less than half. Regarding
the second part of this research question, the deviation between CAE simulations and real measurements

was, in the worst-case scenario, 2 %.

Which is the general behaviour of aluminium moulding inserts for injection moulding with transparent
materials?

AISi10Mg moulding inserts with temperature control system with conformal cooling channels showed
potential in the production of transparent GPPS parts, although the porosity verified after surface finishing

by machining has compromised the quality in terms of haze of the mouldings.

How much savings these approaches achieve?

With the hybrid approach studied throughout this work, the best of both methods can be combined.
Comparing to the production totally via machining or PBF, the production of hybrid heat sink was at least
31 % faster. Moreover, both in additive and hybrid heat sinks, the mass is reduced up to 12 % and 7 %.

Regarding second thermal management application, i.e., injection moulding inserts, forecasts pointto 12
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% faster production maintaining parts complexity (i.e., conformal cooling channels), with 17 % less

material waste, compared with subtractive manufacturing.

5.2. Future research directions

Based on the results and experience gained throughout this work, it would be interesting to pursue
the following studies:

A To analyse the performance of heat sinks as a function of a constant incrementation of area to
volume ratio. The goal is to understand if there is an optimum ratio value for a certain thermal
management specification.

A Kicking from the best shape of conformal cooling channels (#CCC2), optimise the cross-section
and/or blades’ spacing to achieve an optimal cooling system.

A To improve the surface finishing of the moulding inserts produced by PBF. This can be achieved
by applying coatings or by optimising the parameters of the additive manufacturing process.

A Injection moulding of reinforced polymers to evaluate the wear of aluminium inserts.

A To produce the hybrid moulding inserts developed at the end of Chapter 4.
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APPENDIXES

In following section is presented in the form of annexes all the additional for this thesis.
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Appendix 1 - AISi10Mg datasheet
CONCEPTLASER

a GE Additive company

Titla phato: finamediz de
Microsections: Concept Laser GmbH
‘Artwork: brand new-design.de

09/2017 | subject to technical chenges.

CL30AL/CL 31AL Aluminium alloys

Aluminium alloy (powder), chemical composition
CL 30AL according to DIN EN 1706 AlSi12(a),
CL 31AL according to DIN EN 1706 AlSi10Mg(b)

With an appropriate approval* CL 30AL and CL 31AL can be used for production
of lightweight components in the field of automotive and aerospace industries.

CHEMICAL COMPOSITION

CL30AL CL31AL CL 30AL

c dicati dicati | CL31AL
value (%) value (%) Aluminium alloy
105-13,5 90-110 |
0,20-0,45
0-0,55
0-045
0-0,15
0-0,10
0-0,10
| 0-0,05
| 0-005
0-005

wiedge and are d

LasercUSING® | Source: MBFZ-toolcraft GmbH.

machine parameters. The Inform

reflect the current lev
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RANGE OF APPLICATION

With an appropriate approval* CL 30AL and CL 31AL can be used for production of
lightweight prototypes, unique or series production parts in the field of automotive and
aerospace industries with high mechanical and dynamic load.

TECHNICAL DATA AFTER RECOMMENDED HEAT TREATMENT

90° (horizontal)

45°(polarangle)

0° (upright)

Vield Strength R, !

211+4 N/mm®

215+ 3 N/mm®

205 + 3 Nfmm®

Tensile Strength R !

329 4 N/mm?

346 £ 3 N/mm?*

344 % 2 Nfmm?*

Elongation At

9+1%

T+1%

6+1%

Young's Modulus 2

approx. 75 - 10° N/mm?

approx. 75+ 107 Nfmm?

approx. 75 - 10° N/mm?®

Thermal Conductivity A2

120 - 180 W/mK

120- 180 W/mK

120 - 180 W/mK

Coefficient of thermal
Expansion (atrt)?

20-10°K™?

20-10°K™

20 10°K?

!Tenslle test according to DIN EN 50125 at 20°C
# specification according te the materlal manufacturer’s data sheet

MICROSECTION

Test piece (x 20 magnification)

STRESS RELIEF HEAT TREATMENT

Test piece (x 100 magnification)

MICROSTRUCTURE

Stress relief annealing: Heat up in 1 hour to 240°C.
Maintain temperature for & hours. Allow the
components to cool down in the oven to 100°C.
Afterwards allow the component cocling down at

ambient atmosphere.

Concept Laser GmbH
Anderzell 8
D 06215 Lichtenfels

T:+49(0)9571.1679 200
F:+49(0)9571.1679 299
Info@concept-laserde

Components made from aluminium alloys CL 30AL
and CL 314L display a hemogeneous, dense
structure after they are manufactured by means of
the metal laser melting process LaserCUSING®.

Ui

www.concept-laser.de




Appendix 2 - AW-6082 datasheet
U UNIVERSAL A (R

ESPECIFICAC@ES —ALU 6082
Marca: ALU 6082
N2 de Material: 6082
Perfis:
Estado de Fornecimento: Tratado Té
Aplicag@es: Trata-se de uma liga que apresenta excelentes caracteristicas mecanicas e boa
resisténcia a corrosdo. Reage bem a anodizacdo. E largamente usada em elementos estruturais

de construcio civil (andaimes, estruturas ferroviarias), elementos de maquinas,
eletrodomésticos, pecas de alta precisio e aplicacdes na construcdo naval.

Categoria: ALUMINIOS

1-Normas

EuroNorma EN

AlSiMgMn 6082 Te

2-Composicdo Quimica % (valores médios)

Resto 0.70-1,30 0,60-1,20 0,40-1,0 <0,50 <0,60

3-Caracteristicas Mecanicas

Dureza

HB

2,70 205-310 110-260 8-12 65-95

4- Caracteristicas Fisicas

C.Térmica Exp.Térmica

wW/m.K 10°%/K
170-220 26 23,4
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Appendix 3 — Specific heat capacity (raw data)

Baseline Saphire AW-6082 AISi10Mg As-built
mass (g) 0 mass () 30.78 Mass (g) 19.5 Mass (g) 16.36
Temp. (°C) DSC (mW) Temp. (°C) DSC (mW) Cp (J/gK) Temp. (°C) Fluxo (mW) Cp (J/gK) Temp. (°C) DSC (mW) Cp (J/gK)
26.77216 1.06879 27.01979 6.12949 0.7792 26.28046 3.64276  0.730953 26.98766 3.85593 0.92223
36.37232 1.06422 36.60679 5.91628 0.7999 36.81132 3.64729  0.778379 36.5884 3.72419  0.947336
46.93249 1.05636 47.15248 5.78561 0.8194 46.38483 3.62309  0.809953 47.14921 3.66896  0.977631
56.53265 1.04673 56.73947 5.72214 0.838 56.91569 3.60496  0.833336 56.74995 3.62746  0.999479
67.09282 1.03642 66.32647 5.67338 0.8556 66.4892 3.58374  0.853099 66.35068 3.58629 1.017559
76.69298 1.02744 76.87216 5.6299 0.8721 77.02007 3.56417 0.871481 76.91149 3.54348 1.032716
86.29314 1.0176 86.45916 5.59944 0.8878 86.59358 3.55191  0.888928 86.51223 3.50857 1.046613
96.85331 1.0123 97.00485 5.57645 0.9027 97.12444 3.54832  0.906656 97.07304 3.47802 1.059261
106.45347 1.00978 106.59185 5.55982 0.9168 106.69795 3.54657  0.923116 106.67378 3.44847 1.069857
117.01364 1.00632 117.13754 5.55217 0.9302 116.27146 3.55201  0.939338 116.27451 3.42921 1.080919
126.6138 1.00316 126.72454 5.55024 0.9429 126.80232 3.57171  0.957776 126.83533 3.40754 1.089131
136.21396 1.0012 136.31153 5.54553 0.955 136.37584 3.60771  0.980677 136.43606 3.38954 1.098213
146.77413 1.0001 146.85722 5.55899 0.9666 146.9067 3.66657 1.00634 146.99687 3.37501 1.104107
156.37429 0.9972 156.44422 5.5592 0.9775 156.48021 3.68182 1.021883 156.59761 3.35612 1.110267
166.93446 0.9962 166.98991 5.564 0.9876 167.01107 3.67635 1.030018 167.15842 3.34513 1.117101
176.53462 0.99675 176.57691 5.575 0.9975 176.58458 3.69065  1.042329 176.75916 3.34255 1.125204
187.09479 0.99531 187.1226 5.578 1.0074 187.11544 3.67748  1.048354 186.35989 3.32887 1.131112
196.69495 0.99627 196.7096 5.5856 1.0164 196.68896 3.62089  1.040026 196.9207 3.31662 1.135471
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AISi10Mg HT AW-6082/AISi10Mg AB AW-6082/AISi10Mg HT

mass (g) 18.23 Mass (g) 42.1 Mass (g) 43,52
Temp. (°C) DSC (mW) Cp (J/gK) Temp. (°C) Fluxo (mW) Cp (J/gK) Temp. (°C) DSC (mW) Cp (J/gK)

26.88347 4.37319 0.94 26.72461 6.542761 0.68 26.08807 6.090189 0.58
36.47795 4.2359 0.966974 36.32897 7.219729  0.713665 36.63384 6.40832 0.612789
47.03187 4.15823 0.994345 46.89376 6.954078  0.720067 46.22091 6.325197 0.633579
56.62634 4.10074 1.013981 56.49811 6.854301  0.733897 56.76669 6.260352 0.648431
66.22082 4.04713 1.030524 66.10247 6.806728  0.750505 66.35375 6.216397 0.663052
76.77474 4.00151 1.046578 76.66726 6.725896  0.761732 76.89953 6.184627 0.677577
86.36921 3.96204 1.060648 86.27161 6.616857  0.767024 86.4866 6.167219 0.691576
96.92313 3.92801 1.073594 96.8364 6.640854  0.785952 96.07366 6.161997 0.705483
106.5176 3.89612 1.084746 106.4408 6.67706  0.804981 106.6194 6.163738 0.718849
117.07153 3.87118 1.095062 116.0451 6.633697  0.812561 116.2065 6.172877 0.731444
126.666 3.84975 1.104252 126.6099 6.576862  0.816882 126.7523 6.189414 0.743675
136.26047 3.83186 1.114171 136.2143 6.535604  0.822873 136.3394 6.210304 0.756402
146.81439 3.81208 1.119167 146.779 6.494346  0.825606 146.8851 6.235546 0.766841
156.40887 3.79758 1.12744 156.3834 6.45393  0.829689 156.4722 6.263834 0.778977
166.96279 3.78626 1.134714 166.9482 6.414777  0.832457 166.0593 6.294733 0.790225
176.55726 3.77428 1.140208 176.5525 6.462771  0.845422 176.605 6.377856 0.807091
187.11118 3.76387 1.147731 186.1569 6.442984 0.85074 186.1921 6.439219 0.822501
196.70566 3.75186 1.152719 196.7217 6.428249  0.855212 196.7379 6.480998 0.834097
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Appendix 4 - Pressure transmitter BFT10-110

MECHANICAL DIMENSIONS (mm)

30 5 £l

k PRESSURE TRANSMITTER
€ "Differential Pressure Transmitter for Low Pressure” BFT10-110

* &8 agnail connection, easy to install

*  Measuring tiny gas differential pressure value

*  Firm and well-sealed aluminium alloy housing

#  The zero point and full span of the product can be
adjusted externally

* With the short circuit protection and reverse polarity
protection

*  Full range compensation for zero and sensitivity
temperature

#®  Strong anti-interference capacity, stability performance

CONNECTION
BFT10-110 Differential Pressure Transmitter is assembled by OEM piszoresistive silicon differentizl pressure sensor, and the
housing is the aluminium alloy structure; the pressure connection is M10 thread & agnail structure, and can be directly
installed on the measuring piping or connected through the press-leading tube; it is easy to install and use, and widely applies
in the air supply for boiler, underground ventilation and other electricity and mining industries, as well as the process control
field of automated pressure detection for the super clean workshop.

Pressure range 0~0,0025bar..0,001bar._ibar o B j[:l:a
Pressure reference  Differential pressure @ 9
Supply & output  4~~20m4 (16~ 36V)

T
Operating temp.  -10°C ... +60°C Ml‘% L -|_- _{)__r

Red wire:

Medium temp.  -10°C ... +60°C ) I_ al

Storage temp.  -40°C . +125°C

Zero temp. coefficient  £2 5%Fs (@0°C~50°C)

Sensitivity temp. coefficient  £3%Fs (@0°Cc~30"C) ORDER CODE

Overpressure  200%FS
Mechanical vibration 206G (20~ 5000Hz)

Shock  100g {11ms) Output signal
Model BL : 4-20ma
0.001bar, 0.0025bar: ¥3%F5
o o s T B
comprehensive acouracy

0.05bar, 0.07bar, 0.1bar: T1.5%F5
0,1bar~1bar: +0. 5%F5

Pressure Range

Different options from 0,001 bar

Insulation  =200M0/250VDC Fattar
Response time  sims (Up to S0%FS)
Long-term stability —Z0.2%F5/year
Protection  IPES Atek Sensor Technologies
service life  z10w10° pressure cycles ‘oJmuu KOS Organize Sansyi Balgesi Melek Aras Buivari, Ne67 34956 Tuzls-istansul { TURKEY
Material  stainless steel or aluminium alloy for Housing @m: +50 216 359 83 04 é PR 490 2106 395 44 02
Medium compatibility  all kinds of media compatible with the stainless steel or aluminium alloy D5-BFT.004 Rev No -0 @, I —— m o 2
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Appendix 5 — Styrolution PS 165N/L

INEQS INEQS
STYROLUTION STYROLUTION

Styrolution PS 165N/L TECHNICAL
General Purpose Polystyrene (GPPS) DATASHEET

Styrolution PS 165N/L

TECHNICAL

General Purpose Polystyrene (GPPS) DATASHEET

CRIPTION

Styrolution PS 165N/L is a high molecular weight, good flowing grade, often blended with high impact extrusion grades. Themmal Conducthuty DIN 528121 Witm K) 047

Electrical Properties

URES ATIONS Diedectric Constant (100 Hz) IEC 82631-2-1 - 25
® High molecular weight ® Transparent parts for refrigerators Dissipation Factor {100 Hz) IEC 82631-2-1 [1d oe
» Good flow characteristics » Blending with HIPS for thermoformed cups Dissipation Factor {1 MHz) |EC B2631-2-1 10% o7
= Appropriate for blending with HIPS
® UL 24 HBE (Antwerp only) Velume Resstivity IEC B2631-3-1 Ohm'mi >10%

Surface Resistity IEC 82631-2-1 Chm =10™

Optical Properties

Refractive Index, Sodium D Line 150489 . 156
Rheclogical Properties Light Transmission 3t 550 nm ASTMD 1002 % 8o
Melt Volume Rate, 200 °C/5 kg 1501133 crPi10 min 34 - ASTMD 1003 . 5

Mechanical Properties Other Properties

Tensile Stress at Yield, 23°C IS0 827 MPa 52 Dersity 120 1183 kgim® 1040
Tensile Strain at Break, 23 °C IS0 827 Y 2 Processing
Tensile Modulus 150527 MP= 2300 Mett Temperature Range 150 204 c 160 - 280
Tensile Cresp Modulus {1000h) 150 BER MPa 2600 Moki Temperature Range 150 204 e 40
Tensile Creep Modulus. {1h) 150 B MPa 2300 Injection Velocity 150 204 s 200
Flesural Strength, 23°C 150178 MPa B
Flexural Modulus, 23°C 150178 MPa 1850
Hardness, Riockel 150 2038-2 R scale 62
Hardness, Ball Indentation 150 2030-1 MPa 150
Thermal Properties SUPPLY FORM
" ing T VSTI/S0 (50N, 50 °Ch) 150208 e 88 Styrolution PS 165M/L can be supplied in two versions, without or with an external additive for improving pneumatic conveying. "L as a suffix
ot ing Temperature VST R ! to the grade designation characterises the version with this agent, i.e. Styrolution PS 165L. Styrolution PS5 185NIL is supplied as cylindrical or

Vicat Softening Temperature, B/1 [ 120°Ch, 10N) ASTMD 1525 a oF lens shaped pelets, packed in 25 kg bags or bulk.
Heat Dieflection Temperature A; [annealed 4 /30 °C; 1.8 MPa) 15075 C 76

PROCESSING
Heat Deflection Temperature B; (annealed 4 /a0 °C; 0.45 MPa) 15075 C B4 . _ . .

Styrolution PS 165M/L can be injection molded at temperatures between 130 and 280°C. and recommended mold temperatures between 10
Coefficient of Linear Thermal Expansion 150 11359 105°C BO and 80 °C. Extrusion temperatures should not exceed 240 °C.
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Appendix 6 - SABIC PP 579S

SABIC® PP 579S
PP homopolymer for Injection moulding

Diescription:

This grade has been specially developed for use in thin-walled, antistatic containers. The material has outstanding
flow properties and a high stiffness, enabling high production rates. Special charactenstics are low tendency for
warpage, high lot to lot consistency, good contact transparency and high gless. It is formulated with a combined
processing and antistatic additive package.

Health, Safety and Food Contact regulations:
Material Zafety Data Sheets (MZDS) and Product Safety dedlarations are available on our Intemet site
http:ifwwes. SABIC-europe.com

The product mentioned herein is in particular not tested and therefore not validated for use in pharmaceuticall
medical applications.

This grade material is UL registered under File E111275 (www.ul.com)

IMDS ID: 7172624

Typical values Rewision 20121202
Fropemias Unit [S1 Valuss Test methods
Malt flow rate [MFR) ASTM D 1238
at230"C and 2.1E kg /10 min 47
Dena g/m* 05 ASTM D 732
Formutation
Antl static agent
Nucleating agsnt
Mechanical properties
Tenslle tast ASTM D E38
siress at yield n MPa kg
sirain at yieid n % 8
sacant modulus at 1% elongation . MPa 1800
lzod Impact notchad ASTM D 256A
atzi"c Aim 25
Rockwall hardnass ASTM D 735
R-goale - 113
Thermal properties
Heat defection tampserature ASTM D 648
at 1.80 MPa (HDTiA) "C &0
at 0.45 MPa (HDT/E) "C kL
Wicat softening temperature a ASTM D 1525
at 10 N [WSTiA) “C 153
at 50 N (WSTi5) c 35

1} ‘e of aiogy 50 memin
3 peed of gy i
3 Temosawam o SGUChH
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SABIC® PP 579S
PP homopolymer for Injection moulding

Qualify:
SASIC Europe ks fully certfled In 3cCOREance with the intemationally accepted quallty standard 1502001

storage and nanaiing

Avold PrOIOnged SI0FagE 1N opSn sURIght, high TEmperatures (<50 *C) and for Righ huMidty 35 this coud wall 5pesd up afteration and
consequently loss of quallty of the material and for s packaging. Keep material completely dry for good processing.
Disclalmer. The Informition contained hensin may Include typical properes of our products or helr typlcal perfomances when used

In ceriain typleal appilcations. Actual properties of our products, In panicular when used In eonjunction with any ihird pary matenais)
or far 3y non-typleal appiications, may diffar fram typical proparties.

It b5 the: customer's responsitillty o Inspect and test our product(s) In order o satisfy se? as 1o the suliabilty of the product(s) for s
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Abstract

Aluminium alloy cellular solids are attractive due to their high strength to weight ratio, being suitable for
applications where a combination of high strength and low density is crucial. The current developments
on additive manufacturing technologies, e.g. powder bed fusion, allow a profitable route to manufacture
these cellular solids. This study explores using the deposition layer thickness in non-stochastic additively
manufactured cellular lattices as a variable to modify their macroscopic mechanical properties, correlating
these results with the unitary cell macrostructural dimensions and microstructural details. It is shown that
increasing the layer thickness leads to cellular ribs with shorter lengths and larger diameters (i.e. reduces
bending moment while the second moment of area increases) which promote an increase in apparent
elastic modulus. However, large deposition layers reduce the J-Al matrix hardness by impairing
dislocation pinning and reduces the macroscopic lattice collapse strength. Results show an impressive
range of macroscopic mechanical properties (£*= 387 MPa to 612 MPa and AP/*= 8.8 MPa to 12.9
MPa) may be selected by simply changing the deposition layer thickness (25 { m to 80 t m). A novel

diagram was devised to allow the mechanical property tailoring for these lattices.

Keywords: Additive Manufacturing; Cellular lattices; AISi10Mg; Deposition layer thickness.

1 Introduction

Cellular lattices are characterized by a solid porous phase that is surrounded by a fluid phase [1,2].
While they may be composed by open and closed topologies, these materials present high specific

mechanical properties due to their reduced relative density [3]. These materials are useful in a wide range
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of applications [4,5], where metallic solid fractions seem to be suitable when load - bearing properties
are required. Currently, these materials in many load bearing applications in transportation, medical and
other industries [6].

In recent years there has been significant research on non-stochastic lattice topologies. The use of
periodic unitary cellular lattices in a matrix configuration has been shown as effective for mechanical
property tailoring purposes [7]. Numerous researchers have reported periodic cellular lattice topologies
that are able to display tailored static and dynamic mechanical properties [8], including counterintuitive
properties such as negative Poisson’s ratios [9], impact/explosion absorption [10], vibration mitigation
[11], etc.

The fundamental bottleneck for the widespread application of non-stochastic metallic cellular lattices
is their manufacturing. While stochastic metallic cellular solids and foams are frequently produced by
foaming or powder metallurgy [12,13], these methods are not suited to produce non- stochastic
topologies. Complex non-stochastic metallic cellular lattices are manufactured by investment casting [14]
or additive manufacturing [15]. Frequently, the process for the investment casting includes the additive
manufacturing of the polymer sacrifice model to produce a ceramic mold [16]. Indeed, metal-based
additive manufacturing techniques allow a more direct route to produce non-stochastic metallic cellular
lattices.

Current reports on metal-based additive manufacturing frequently focus on the lattice topology
[17,18], i.e. manufacturing parameters are kept constant and the studied final mechanical properties are
only dependent on the cell topology [19]. However, it is widely known that the manufacturing parameter
in metal-based additive manufacturing processes has a significant impact in the mechanical properties
and dimensional characteristics of printed components [20,21].

Considering that the mechanical behavior of cellular solids depends on the unitary cell topology (i.e.
macroscopic dimensions and defects) and base material properties (i.e. microstructural morphology), it
is expected it that additive manufacturing parameters are highly relevant to the final macroscopic
mechanical properties. Weidmann et a/ [22] studied the optimization of powder bed fusion parameters
such laser as scan power, speed and hatching in the macroscopic mechanical properties of in-plane
honeycomb lattices. Giilcan ef a/[23] studied the effect of laser power, hatch and building orientation on
the mechanical behavior of powder bed fusion CoCrMo lattices. M. Alafia ef a/ [24] characterized the
fatigue response of powder bed fusion Ti6Al4V lattices, showing that it is dependent on cell topology,
base material properties and lattice relative density. S.H. Ahmadi ef a/ [25] also detailed the effect of

cellular topology on the mechanical fatigue of Co-Cr lattices. Additionally, M. Galati ef a/[26] showed that
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the processing parameters in powder bed fusion Ti6Al4V lattices significantly affects their dimensional
accuracy.

Here, we explore using different deposition layer thicknesses in AlISi10Mg non-stochastic cellular
lattices manufactured by powder bed fusion to tailor their macroscopic mechanical properties. These
results are correlated with the unitary cell metrological analysis by X-ray computed microtomography
(wCT) and ] -Al matrix microhardness (i.e. macroscopical and microscopical aspects) in lattices

manufactured using different deposition layer thicknesses.

2 Methodology
2 Lattice design and manufacturing
The AISi10Mg lattices (Fig.1 (a)) that were designed with a three-dimensional inverted honeycomb
topology to study the hypothesis tailoring their macroscopic mechanical properties by changing the

thickness of powder bed fusion layers.

Fig.1. CAD model: (a) auxetic lattice with transparent top and bottom plates; and (b) unitary periodic auxetic cell with printing
direction highlighted by red arrow.

According to Fig.1 (b), the inverted honeycomb periodical cells were designed to display a rib/strut
length (£), diameter (£) and angle (] ) with, respectively, 2 mm, 0.6 mm and 30°. The periodic cells were
assembled into a 9x9x8 matrix configuration and 2 mm plates were added to their tops and bottoms. The
adopted cell/strut angle (i.e. -30°) was selected to promote auxetic behavior (i.e. negative Poisson’s ratio)
that has previously been shown to increase rib hinge stiffness [27] and potentially magnify the effect of
changing the deposition layer thickness.

The AISi10Mg lattice structures were fabricated with an array of deposition layer thicknesses (25, 35,
50, 65 and 80 t m) using a powder bed fusion equipment (Concept Laser M2 Cusing, supplied by GE,
USA). The manufacturing process parameters were set according to the recommendation of the supplier:
laser power, scanning speed, hatch spacing and spot size were, respectively, 370 W, 1400 mm/s, 90
t mand 60 { m. To avoid the influence of residual thermal stress, the building platform is heated at 200
°C during the entire production. The built orientation was set along the zdirection, as highlighted by the

red arrow in Fig. 1 (b).
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2 X-ray computed microtomography (uCT)

X-ray computed microtomography (uCT) scanning was performed using a Bruker SkyScan 1275 CT
scanner (Bruker UCT, Kontich, Belgium) controlled with an X-ray beam with penetrative X- rays of 76 kV
and 131 pA, in high resolution mode (voxel size 21 g m, 41 ms of exposure time, 10 of frame averaging,
0.20 deg of rotation step, 1 mm Al filter and 360° of rotation. The X-ray detector of this uCT scanner is
an 3MP (1944x1536 pixels) active pixel CMOS flat panel. NRecon (v.1.7.3.1 software, Bruker, Kontich,
Belgium) software was used to reconstruct cross-section slices from acquired uCT angular projections
through the AISi10Mg lattice structures. The reconstructed uCT images were used for volume rendering
of tomographic data, creating 2D and 3D models using DataViewer (v1.6.0.0. 64 bit, Bruker, Kontich,
Belgium) and CTVox (v.3.3.0 r1403 software, Bruker, Kontich, Belgium).

3 Microstructural analysis

Microhardness Vickers testing (Shimadzu HMV-2, Kioto, Japan) was performed in polished samples
by indentation the vertical (i.e. inclined) ribs. Indentations (0.5 kgf load for 10 s) were performed in the
perpendicular direction to the deposited layers and only one indentation was performed by rib given their
0.6 mm diameter. A total of 10 indentations (i.e. 10 individual ribs) were tested per sample and 3 samples
were tested for each specimen type. To prevent rib deformation under the indentor load, the samples

were previously impregnated in resin before being grinded and polished.

2 Uniaxial compression

The manufactured lattices (3 for each specimen type, i.e. deposition layer thickness) were assembled
between two hardened steel plates to perform uniaxial compression using an INSTRON 8874 universal
testing equipment (Norwood, USA) with a 25kN load-cell. A 0.05 mm/s displacement rate in compression
was imposed in the top plate while the instant load- displacement values were used as reference to

determine the apparent stress-strain curve of the samples.

3 Results and discussion

Fig.2 shows an example X-Ray g CT reconstructed unitary cellular unit, highlighting the rib length and
diameter. While the inspection of the reconstructed cellular units for each specimen type suggests that
there are no significant differences to the dimensions and morphology between the samples, the

reconstructed data allowed a detailed metrological analysis using the open-source image analysis software

Fiji [28].
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L TBui]ding direction 1 mm J

Fig.2. Detail of an X-ray g CT reconstructed cellular unit (example extracted from a sample manufactured with a 50 g m
deposition layer thickness).

The results of the metrological analysis are presented in Fig.3, in which the fundamental aspects of
the cells, i.e. rib length and diameter (see Fig.2) are analyzed. Indeed, according to the data in Fig. 3, it
may be observed that the true length (L, 1.83 mm to 1.76 mm) of the ribs and struts tends to decrease
as the deposition layer thickness (T) increases. In terms of rib diameter, however, the metrological
analysis shows that this dimension tends to increase their diameter (0.60 mm to 0.61 mm) as the
deposition layer thickness is increased. These changes are highlighted by the very good correlation with
the linear regressions established in Fig.3. Considering dimensions of the CAD model (L and D,
respectively, 2 mm and 0.6 mm - see Fig.1), the results show that the samples dimensions tend to
deviate from the designed model as the deposition layer thickness increases. In fact, the loss of accuracy
by increasing the deposition layer thickness has already been reported for aluminum alloys [29], as this

impairs the discretization of the CAD model. These results also determine that the samples display an

8.4+0.3% specific density.
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Fig.3. Metrological analysis by X-Ray g CT detailing the impact of layer thickness on the true length and diameter of the
ribs/struts.
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While the topology of the cellular lattices is known to significantly influence their mechanical properties,
it is essential to determine if different deposition layer thicknesses generate statistically different samples.
Fig.4 shows the comparison of the rib/strut length and diameter of the different samples using a non-
parametric one-way A-NOVA on Ranks Kruskal-Wallis statistical analysis. As expected, these results show
the dimensions of samples with similar deposition layer thickness are not statistically different. However,
there are statistically significant differences between the length of the rib/struts in the samples that were
manufactured with very dissimilar deposition layer thicknesses (e.g. 25 g m vs 80 g m). The statistical
analysis shows that there seems to be no significant differences in the rib/strut dimensions in samples

that were manufactured in the range of 25 g mto 50 g m.

Layer thickness

25 pum | 35 um | 50 pm | 65 um | 80 um
25 pm
35 pm
50 pm
65 um
80 pm

Length
analysis

Layer thickness

Layer thickness

25 um | 35 um | 50 pm | 65 pm | 80 pm

25 pm
35 um
50 pm
65 pm
80 um

Diameter
analysis

Laver thickness

No significant difference
Significant difference (p<0.05)

Fig.4. Statistical analysis to the metrological data obtained by X-Ray g CT.

While the topology of the cellular lattices has a significant impact in their mechanical properties, it is
known that these are also considerably dependent on the base material properties (i.e. microstructural
aspects) [30]. Fig.5 shows is a reduction in hardness with increased deposition layer thickness. Indeed,
it well established that the increase in microhardness in these alloys is related with higher dislocation

pinning [31,32] and, consequently, an increase in yield strength is expected.
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Fig.5. Vickers microhardness of the lattice samples manufactured with different deposition layer thickness.
This correlation between the macrostructural (i.e. cell topology - Figs.3 and 4) and microstructural (i.e.
hardness - Fig.5) aspects of the manufactured samples shows that they significantly impact the
mechanical properties of the lattices, as highlighted with their apparent stress-strain curves in

compression (Fig.6).
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Fig.6. Compression apparent stress-strain curves of the samples, comprising the minimum and maximum apparent stress
values that were monitored during the testing of 3 specimens for each sample type.

The results in Fig.6 show the typical mechanical behavior of a lattice material in compression as
highlighted in Fig.7: an initial linear elastic domain (Fig.7 (a)), followed by their plastic collapse after
elastic instability failure (Fig.7 (b)), compression plateau (Fig.7 (c)) and densification (Fig.7 (d)). Results
show the plateau occurs at higher stress values for lower deposition layer thicknesses, however, this is

not true for their plastic collapse strength (t pl*). Even though there a clear trend for samples with lower

depositions layer thickness to display higher plastic collapse strength, this trend is not observed when

comparing samples with 50 g m and 65 g m.
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(b)

10 mm

Fig.7. Detail of a mechanical deformation during the compression testing (in the case, 25g m sample): (a) initial linear
elastic region at & = 0.01; (b) after its plastic collapse at & = 0.08, where the collapse region is highlighted; (c) in the
region of the plateau at & = 0.40; and (d) at the initial densification stage at & = 0.70.

Even though, the collapse mechanism was the same across the specimens, the apparent stress- strain
curves in Fig.5, highlight that the samples that were manufactured with different deposition layer
thickness display dissimilar mechanical properties. These results were detailed by analyzing the
mechanical properties that are most commonly used for static structural applications, namely their

Apparent modulus (E*, i.e. normalized stiffness) and Plastic collapse strength ( pl*, i.e. normalized

strength), as shown in Figs. 8 and 9.
Fig.8 shows that the stiffness (i.e. Apparent modulus) tends to increase to a plateau as the deposition
layer thickness is increased, as highlighted by its non-linear regression fit (R2=0.78) with an exponential

rise to maximum function. The samples that have been manufactured with a 50 g m deposition layer

thickness do not follow this trend, as they present values that are similar to those observed for samples

with 25 g m and 35 g m. While this may initially seem surprising, these values are proposed to be
determined by the rib length, as Fig.4 shows that the rib length/diameter in samples with 25 g m to 50

g m are not statistically different.
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Fig.8. Influence of the deposition layer thickness (T) in the Apparent modulus (E*).

Indeed, by the input of the monitored rib length/diameters in a theoretical model that has been
designed to predict the elastic properties of this type of lattice [27], it may be observed that these present
an excellent fit (R2 = 0.99) to the experimental data. It may be established that the stiffness (i.e. Apparent
modulus) of the samples is mainly dependent on the cell topology and, consequently, on the influence of
the deposition layer thickness on the rib length and diameter. According to the experimental results non-
linear regression, it is suggested that as the layer thickness is increased, the Apparent modulus tends to
a stable value of 672 MPa.

Fig.9 shows that higher deposition layer thicknesses (T) tend to lower the Collapse strength (i PI*).
According to these results, it is shown that the Collapse strength dependence to the deposition layer
thickness is described by an exponential decay function (R2 = 0.95). These results highlight that the
selected deposition layer thickness impacts the macroscopic strength due to microstructural hardness
(Fig.5). A reduction in hardness effectively decreases the intrinsic strength in the d -Al matrix and
precipitation strengthening. According to the non-linear regression of experimental results, it is suggested

that as the layer thickness is increased, the Collapse strength tends to an 8.74 MPa stable value.
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Fig.9. Influence of the deposition layer thickness (T) in the Collapse strength (i PI*).

4  Tailoring the mechanical properties based on the deposition layer thickness

Considering the experimental results that have are portrayed in Section 3, a graphical representation
was devised to correlate the Deposition layer thickness (T) and the macroscopic stiffness (i.e. E*, Apparent
modulus) and strength (i.e. + PI*, Collapse strength).

Fig.10 presents a compilation of the results from Figs. 8 and 9 into a single chart, which is here

referred asa T-E* -1 PI* diagram. It may be also understood, that a graphical representation with this

configuration could also be applied to other manufacturing parameters and lattice topologies.
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Fig.10. Graphical representation of the resultant T - E* -+ *PI diagram (Note: H solid and - - - dashed lines represent,
respectively, experimental and extrapolated results).
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Indeed, the diagram shown in Fig.10 is suggested as a simple and quick route for designers and

manufacturers to predict and tailor the fundamental macroscopic mechanical properties of this topology.

The practical use of this diagram is relevant in two approaches:

5

Selecting Deposition layer thickness: user selects a given deposition layer thickness (T) from the
bottom horizontal axis and follows the respective (blue and red, respectively E* and + PI*) lines
to the lateral axis to determine the estimated mechanical property. For example, if T = 25g m is
selected, the diagram in Fig.10 predicts that the lattice displays E* = 349.5 MPa and t PI* =
12.9 MPa macroscopic properties;

Selecting Mechanical property: user selects a given mechanical property (either E* and + PI*)
and follows the line(s) to the respective (or range of) deposition layer(s) thickness(es) (T). From
this point, it is possible to estimate the other macroscopic mechanical property. For examples, if
t PI* 7 10.1 MPa is desired, Fig.10 shows that a rangeto T=50 g mto T =65 g m may be
selected. Here the user as the chance of selecting E* = 387 MPa to 526 MPa, depending on the

selected value for the Deposition layer thickness (T).

Conclusions

This paper presents a route to tailor the macroscopic mechanical properties of powder bed fusion

AISi10Mg lattices by changing the deposition layer thickness. An experimental approach was used to

couple macro-scale (X-ray g CT) and micro-scale (Vickers microhardness) analysis to the apparent stress-

strain behavior of auxetic lattices fabricated with different layer thicknesses. The following conclusions

were drawn:

Fabricating samples with different deposition layer thickness impacts the overall mechanical
properties of lattices. This is correlated with macro- and microscopical changes, respectively,
variations in the topological aspects of the periodic cells and hardness of the d -Al matrix;
Increasing the deposition layer thickness decreases the length and increases the diameter of the
periodical cell ribs. Consequently, the stiffness (i.e. Apparent modulus) of the lattices increases
with the increase of deposition layer thickness. These differences are only statistically relevant
for wider layer thickness gradients (e.g. while comparing samples manufactured with 35 g m
layers and those manufactured with 65 g m layers);

The collapse strength of the lattices is reduced as the deposition layer thickness is increased.
Experimental results show that there is a significant reduction in the d -Al hardness as the layer

thickness increases. Therefore, there is a reduction in dislocation pinning and, consequently, the
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yield strength of the d -Al matrix is decreased. This effectively lowers the collapse strength of the

lattices for samples fabricated with a higher deposition layer thickness;
The same AISi10Mg lattices topology may display a wide range of macroscopic mechanical

properties (E* = 387 MPa to 612 MPa andt PI* = 8.8 MPa to 12.9 MPa), just by changing the
deposition layer thickness (25 g m to 80 g m) in a powder bed fusion process. A diagram was

devised to correlate these mechanical properties and manufacturing parameters, allowing novel

route to predict and guide the design and manufacturing of these cellular solids.
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Appendix 8 — Temperature vs time evolution during injection moulding
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Appendix 9 — Average tab angle of injection moulded specimens

Moulding inserts PP 579S GPPS 165H
Nominal Actual Predicted Actual Predicted Actual

Core 30.00° £ 0.01° 30.14 31.17°+0.27° 30.03 30.34° £ 0.15°
AW-6082 30.00

Cavity 30.01° £ 0.01° 30.12 31.07°+0.18° 29.96 30.19°+£0.18°

Core 29.98° + 0.01° 30.12 31.05° +0.25° 30.02 30.30° + 0.33°
AISi10Mg 30.00

Cavity 30.03° + 0.05° 30.11 30.90° + 0.53° 29.99 30.18° +0.43°
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