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Abstract

Binder jetting technology (BJT) is an additive manufacturing (AM) process wherein
a liquid binder is deposited on the power bed to join the particles together layer by
layer, thus creating the desired geometry. This process can print various metals and
polymers with higher productivity. Even so, among other metals, aluminum alloys
are not commercially available to be produced by BJT. However, due to aluminum’s
intrinsic characteristics and properties, the passenger and commercial vehicle indus-
tries extensively utilize this metal. For this reason, it is a highly desired material
for BJT/M in the automotive industry due to the possibility of printing complex
shapes and having higher productivity than other metal additive manufacturing
technologies. A Japanese company, RICOH Company Ltd, is currently working on
developing technology for printing aluminum alloys in BJT. In this master thesis,
design for AM and material characterization studies were conducted in collabora-
tion with Volvo Car Corporation (VCC) and RICOH to study a heat sink for the
headlamp for the XC90 production series car against two di Lerent aluminum alloys.
As-produced aluminum alloy was 4000 series aluminum alloy, which had a Si con-
tent of less than 10 wt.%, and high pressure die casted aluminum alloy had a Si
content of 12 wt.%. A study of design guidelines was carried out by printing design
artefacts, and the geometry evaluation was done using scanning and superimposing
CAD data. This provided knowledge about critical design features that can be pro-
duced using the technology and the limit. 10mm?3 produced cubes were analyzed for
porosity using Light Optical Microscopy (LOM). Density verification on the cubes
using LOM, Geometrical, and Archimedes showed a relatively high density of 98%
with a standard deviation of 0.91. The primary function of the heatsink studied
here is dissipating heat away from other components. Thus, thermal conductivity
and convection performance were measured. Thermal conductivity for as-sintered
material was found to be 154.41 W/mK at room temperature (20 °C), and it was
increased to 166.68 W/mK after Hot Isostatic pressing (HIP), compared to 97.94
W/mK for as-casted aluminum alloy which is currently being used. To improve
the thermal convection, the new design features, namely Gyroid with varying wall
thicknesses, were produced as test pieces and tested in the experimental setup to
determine the design with the best performance. Heat dissipation increased by
99% in free convection and 82% in forced convection compared to the as-casted
heatsink; this was demonstrated during the experiment. A new heatsink design pro-
duced using BJT Al alloys also resulted in a weight reduction of 42% to the existing
design. Regarding the mechanical properties, HV5 was found to be 51.91% less
for as-sintered aluminum alloy compared to as-casted aluminum alloy and 48.98%
less for as-sintered aluminum alloy when HK1 was considered. The microstructure
analysis showed that the reason for the thermal conductivity increase and hardness
decrease in the aluminum alloy produced by BJT/M is connected to the lower Si
content. Hence, the lower fraction of AlSi-precipitates was produced.

Keywords: Additive manufacturing, Binder Jetting for Metals, Gyroid Structures,
Material Characterisation, Hardness, Thermal conductivity, Thermal convection,
Hot Isostatic Pressing






Acknowledgements

We would like to extend our heartfelt gratitude to all the individuals who have sup-
ported and guided us throughout our journey to completing this master’s thesis.
The master’s thesis was carried out at the pilot plant & concept center at Volvo
Car Corporation, Gothenburg, Sweden, and the Center for additive manufacturing
(CAM?) at Chalmers. This was done as part of a Final degree project for the Master
of Science in Product Development and Material Engineering at Chalmers Univer-
sity of Technology, Sweden in collaboration with Volvo Car Corporation.

First and foremost, we would like to express our sincere appreciation to our indus-
trial supervisor, Torbjorn Larsson, for allowing us to work on this research project in
a real-world setting. His valuable insights, constant encouragement, and construc-
tive feedback were instrumental in shaping the direction of this thesis.

We are extremely grateful to our examiner and academic supervisor Eduard Hryha
for providing us with all the shared expertise and mentorship in the field of ad-
ditive manufacturing and Binder jetting technology for metals in particular. His
academic expertise has been pivotal in strengthening the theoretical foundation of
this research. We are also deeply indebted to our academic co-supervisor, Anok
Babu Nagaram, for his scholarly guidance, expert advice, and unwavering support.
His academic expertise has been pivotal in strengthening the theoretical foundation
of this research.

We would like to take this opportunity to thank Markus Enmark and Alberto Cabo
Rio for sharing their experience and practical knowledge that was helpful during
the laboratory work and also helped us structure the thesis. We are also deeply
indebted to Erika Steyn, Daniel Gren, and Dr. Antonio Mulone for supporting us
with the needed training.

We would like to express our gratitude to Miyazaki Yoshiyuki and his team at RI-
COH as the technology provider company in this project for allowing us to work
with their technology in printing various parts.

We would also like to extend our appreciation to the faculty members, research
peers, and sta[Cwho have contributed in various ways to this thesis, including their
thoughtful discussions and technical assistance. We acknowledge that this thesis
would not have been possible without the collective e [ants and support of all these
individuals, and we are truly grateful for their contributions.

January 29, 2024
Gothenburg, Sweden.

Didarul Alam & Omkar Dessai

vii



viii



List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed below:

AM
PBF/LB
PBF/EB
BJT
HPDC
AlSi

SS

LPS
SLPS
MG

PV

RES
LOM
HIP

Additive Manufacturing

Powder Bed Fusion - Laser Beam
Powder Bed Fusion - Electron Beam
Binder Jetting Technology

High Pressure Die Casting
Aluminum Silicate

Solid State Sintering

Liquid Phase Sintering
Supersolidus Liquid Phase Sintering
Microgrid

Photovoltaic

Renewable-based Energy Sources
Light Optical Microscopy

Hot Isostatic Pressing






Contents

Contents
List of Figures
List of Tables

1 Introduction

1.1 Background . . .. ... ... ...
1.2 Aim and research questions . . . ... .. ... .. .....

2 Literature Study

2.1 Binder jetting formetal . . .. ... ... ... ... ...
2.2 Debindingprocess. . . . .. .. ... . e
2.3 SINtering pProcess . . . . . . . i
2.3.1 Liquid phase sintering . . . .. ... ... ......
2.4 Sintering of aluminumalloys . . . . ... .. .........

2.5 E ects of silicon on thermal conductivity of Al-Si alloys

2.6 Heat exchange performance . .. ... ...........
2.7 Design guidelines for Binder jetting formetal . . . . . . . ..

3 Methods

3.1 Design for Binder jetting technology for metal . . . . . . ..
3.2 Material . . ... ...
3.3 Density measurements . . .. ... .. ... ..
3.4 Dimensional and geometrical inspections . . . . .. .. ..
3.4.1 Metallography . . . . .. .. ... ... ........
3.5 Mechanical properties testing . . . . ... ... ... ....
3.5.1 Hardnesstest . .. .. ... .. ............
3.5.2 Thermal conductivity test . . . ... ... ... ...
3.5.3 Thermal convectiontest . . ... ... ........
3.6 Materials characterisation . . . ... .............
3.6.1 Light optical microscopy . . . . . ... ... .....
3.7 Post-Processing . . . .. ... ... . e
3.7.1 Hot Isostatic Pressing-HIP . . ... .........

4 Results and Discussion

4.1 Verifying the design guidelines . . . . . . .. ... ......

Xi

Xiii

Xi



4.1.1 Artefact designs for verifying the guidelines . . .. ... ... 37

4.1.2 Results from verifying the guidelines . . . ... ... ... .. 42
4.2 Porosity analysisusing CTscanning. . . . . . .. .. ... ...... 51
4.3 Evaluation of the shrinkage and de ection after sintering . . . . . . . 52
4.3.1 Shrinkage in 10mrhcubes . . . . . . ... ... ... ... .. 52
4.3.2 Shrinkage and de ection in gyroids shapes . . . ... ... .. 53
4.4 Density measurements . . . . . ... e e e 55
4.5 Comparative porosity analysis using CT scanning and light optical
MICIOSCOPY + =« v v e e e e e e e e e e e e e 56
4.6 LOM analysis for as-cast, as-sintered, and HIPed samples . . . . . .. 58
4.6.1 LOM analysis for as-cast AlI-12Si-Cul . . . . ... ... .... 58
4.6.2 LOM analysis for as-sintered aluminum 4000 series alloy ... 59
4.6.3 LOM analysis for HIPed aluminum 4000 series alloy . . . . . . 61
4.7 Mechanical performance . .. .. ... .. ... .. .. ... ... 61
4.7.1 Hardnesstest . . ... .. . ... ... ... 61
4.7.2 Thermal conductivitytest . . . ... ... ... .. ...... 63
4.7.3 Heat exchange performancetest . . . . ... ... ....... 68
4.8 Printing naldesign . . ... .. ... . .. ... .. . .. 70
4.8.1 Evaluating of the heatsink produced by BJT/M . . . .. ... 71
5 Conclusions 73
5.1 Answering the research question . . . . ... ... ... ... ..... 73
5.2 Limitations . . . . . . ... 75
53 FRuturework . . . . .. 75
Bibliography 77

A Reports: Design Guideline Evaluations i

A.1 Artefact 2A: Pins with conventional sintering Process . . . . . . . .. i
A.2 Artefact 2B: Pins with ceramic-supported sintering Process . . . . . . v
A.3 Artefact 3A: Bridge with no compensation . . . . ... ... .. ... Xi
A.4 Artefact 3B: Bridge with two spans compensated . . .. ... .. .. XVii
A.5 Artefact 3C: Bridge compensated using Simufact. . . . ... .. ... XXiii
A.6 Artefact 4A: Bridge with base convectional sintering process . . . . . XXIX
A.7 Artefact 4B: Bridge with base ceramic-supported sintering process . . Xxxviii
A.8 Artefact 5: Tree with ceramic-supported sintering . . . . . . .. ... xlvii
A.9 Gyroid having Imm thickness . . . . . . ... ... . ... ...... liii
A.10 Gyroid having 1.5mm thickness . . . . .. .. ... ... ... .... Ixii
A.11 Gyroid having 2mm thickness . . . . .. .. ... ... ... ..... [Xxi
A.12 Gyroid having 2 to Imm thickness . . . . . . . . .. ... ... .. .. IXxx
B Reports: Final Heat Sink evaluation IXXXix

Xii



List of Figures

2.1 Typical schematic process diagram of BJT/M[1] . ... ... .. .. 5
2.2 Major factors that determine the characteristics of BJT Green Body

[A] . e 6
2.3 Simple schematic diagram of LPS[2] . . . ... ... .. ... .. .. 9
2.4 Schematic diagram of collision of free electrons with eutectic Si con-

taining particles . . . . . .. ... 11
2.5 Thermal conductivity of binary Al-Si, Al-Cu, Al-Fe, and Al-Mg alloys

[B] . . o e 12
2.6 Recommended Wall Thickness Printable by MBJ . . . .. ... ... 15

(@) e 15

(B) e 15
2.7 Overhang length and thickness forBJT/M . . . . ... ... ..... 15
2.8 Powder Removal holes for Shell parts in BJT/M . . . ... ... ... 16
2.9 Radius at corners and sharp edges for BJT/IM . . . . .. ... .. .. 16
2.10 Minimum recommended printable feature by BJT/M . . . .. .. .. 17
2.11 Vertical Pins printable by BJT/IM . . . . . . .. . ... ... ..... 18
3.1 Cubes (green body cube and sintered cube) . . ... ... ... ... 20
3.2 Build orientation of cubes . . . .. ... Lo oL 20
3.3 Metallography-Sectioning and Mounting . . . . ... ... ...... 22
3.4 Metallography-Polishing and Grinding . . . .. ... .. ... .... 23
3.5 Struers DuraScan for Hardness Test Measrurement . . . . ... ... 24
3.6 Laser Flash Technique . .. ... ... ... ... ........... 25
3.7 LFA 447 Instrument . . . . . . . .. .. 25
3.8 Signal to noise performance between graphite coated and without

graphite-coated as-sintered aluminum 4000 series alloy sample . . .. 26
3.9 Visual comparison between di erent coating techniques . . . . . . .. 27
3.10 Placement and schematic of in-plane di usivity measurement . . . . . 27
3.11 Test Rig developed to measure the heat exchange performance of the

artefactdesigns . . . . . . .. 29
3.12 Environmental test chamber housing the assembled test rig with the

data acquisition system . . . . . ... L L 30
3.13 Schemetic representation of calculation for power lost through the

device . . . ... e 31
3.14 Schematic illustration of all three convection setups . . . . . ... .. 32
3.15 Zeiss Axioscope 7 light optical microscope . . . . .. ... ... ... 33



3.16 Hot Isostatic Pressing schematic . . . . . .. .. ... ......... 34
3.17 QIH 15L from Quintus Technologies AB . . . . .. .. ... ..... 35

3.18 HIPing parameters utilized in this work. The Y-axis on the left show
the temperature and the Y-axis on the right show the pressure. The
X-axis shows timeinseconds . . . . . . ... ... ... ........ 36

4.1 Artefact 1 screw Threads in metric standard(all dimensions in mm) . 38
4.2 Artefact 2 Pins with various heights and diameters (all dimensions in

MM) . e e e e e e e e e 38
4.3 CAD-designed artefact for bridges(all dimensions inmm) . . . . . . . 39
4.4 CAD-designed artefact for Bridge without base(all dimensions in mm) 39
4.5 CAD design of the artefact for trees(all dimensions in mm) . . . . . . 40
4.6 Image showing the building, recoating, and binder dispensing direc-
tion for all the artefactdesigns . . . . . . .. ... ... ... ..... 42
4.7 Shows the threads after bolting. 4.7a refers to conventionally sintered
threads and 4.7b refers to ceramic sintered thread . . . . . . ... .. 42
(@) 42
(b) e 42
4.8 Dimension evaluation on the laser-scanned data for pins sintered in
unsupported sintering process (Artefact 2A) . . . . . ... ... ... 44
4.9 Dimension evaluation on the laser scanned data for pins sintered in
ceramic media (Artefact 2B) . . . . . . . ... oL 45
4.10 Shows the evaluation of the non-compensated vs compensated bridge
geometry for gravity using the scanneddata . . .. .. .. ... ... 46
(@) e 46
(b) 46

4.11 Artefact 3C Bridge using Simufact data: 4.11a Shows the deforma-
tion predicted by Simufact, 4.11b Shows the compensation geometry
provided by Simufact and 4.11c shows the scanned le for the nal

print using the compensated CAD data from Simufact . . . . .. .. 47
(@) e 47
(b) e 47
(C) a7
4.12 Image showing evaluation using scanned data for the bridge with base:
without and with ceramic support respectively . . . . .. ... .. .. 48
(@) e 48
(b) e 48
(C) 48
(d) 48
4.13 The outcome using conventional sintering process 4.13aand The out-
come using the ceramic-supported sintering process 4.13b . . . . . .. 49
(@) e 49
(b) e 49



4.14 Shows the superimposed nominal & scanned geometry 4.14a, shows
the measurement of deviation in branches of the tree 4.14b, shows the
measurement of the holes on branches 4.14c and shows the centre of

densi cation of thetree 4.14d . . . . . . . . . . . ... .. ... ... 50
(@) 50
(b) e 50
(C©) 50
(d) e 50

4.15 Shows the internal porosity in two views i.e. 4.15a & 4.15b. 4.15c
shows the result of the measurement of various holes on the tree
branch. 4.15d shows the high-resolution scan performed a0 m

focusing on the speci c session of the artefact . . . ... ... .. .. 51
(@) e 51
(b) 51
(C) e 51
(d) e e 51
4.16 Shrinkage percentage of the pre-sintered cubes S1, S2,S3,and S4 . . . 53

4.17 X,Y & Z Percentage Deformation for Gyroids G1, G1.5, G2 and G2tol 54
4.18 Angular deviation in X & Y for Gyroids G1, G1.5, G2 and G2tol .. 54
4.19 Relative densities for studied samples. Here are density values derived
using several techniques: Based on geometry, LOM, and Archimedes . 56
4.20 shows the Light optical microscopy for bridge with base(artefact 4A
and 4B). 4.20a refers to with ceramic and 4.20b refers to without

ceramic SUPPOrt . . . . . . e 57
(@) e 57
(b) 57
4.21 X-ray CT scanning for threads(artefact 1A and 1B). 4.21a refers to
without ceramic support and 4.21b refers to with ceramic support . . 58
(@) e 58
(b) 58
(C) 58
4.22 As-cast AISi12CU1 Optical Micrograph . . . . . .. .. .. ... ... 59
4.23 CAD Cross-section . . . . . . . . . . 60
4.24 Optical micrographs for as-sintered aluminum 4000 series alloy for
XY, XZ,and YZ orientation . . . . . ... ... 60
4.25 Optical micrographs for HIPed aluminum 4000 series alloy for XY,
XZ,and YZ oritentation . . . . ... .. ... . .. ... 61
4.26 Vickers Hardenss and Knoops Hardness of studied materials . . . . . 62

4.27 Comparison of thermal di usivity between as-cast Al-Si12-Cul, as-
sintered aluminum 4000 series and HIPed aluminum 4000 series alloy 64
4.28 Comparison of thermal conductivity between as-cast Al-Si12-Cul, as-
sintered aluminum 4000 series and HIPed aluminum 4000 series alloy 65
4.29 Optical micrographs between as-cast Al-Si12-Cul, as-sintered alu-
minum 4000 series alloy and HIPed aluminum 4000 series alloy . . . . 67
4.30 Performance(power/mass) graph for all Artefact in two self convec-
tion setups . . . . . . . . 68



4.31 Performance(power/mass) graph for all artefact in forced convection

SEtUP . . . . e e e e e 68
4.32 performance increase in percentage from free to forced convection . . 69
4.33 Shows the various views of the heatsink produced by BJT/M . . . . . 70

(@) e 70

() 70

(C) e 70

(d) e 70

4.34 Evaluation of the new heatsink.4.34a: Shows the surface deviations
using the heatmap. 4.34b: Shows the heatsink assembled on headlamp 71
(@) 71
(b) e 71

XVi



3.1

3.2
3.3
3.4

4.1

List of Tables

The Grinding and Polishing methodology followed for sample prepa-

ration . . . . .. e 23
Experiment setting for LFA analyzer . . .. ... ... ... ..... 28
Details of the TestPrints . . . . . . ... .. ... ... ........ 33
Parameters used during Hot Isostatic Pressing . . . . .. ... .. .. 35

Table showing the summary of all the artefacts along with the scaling
factors designed by RICOH . . . .. ... ... ... ... ...... 41






1

Introduction

1.1 Background

Heat removal from mechanical and electrical devices is becoming increasingly impor-
tant as society's reliance on electronics and computational power grows. Thermal
management equipment, such as heat sinks, heat exchangers, and heat spreaders,
is frequently used to remove heat. Like electronics, automobiles also use e cient
heat dissipation from their working parts to function correctly. It is known that to
reduce weight and price, automotives are mainly made out of aluminum alloy. Hence
it is crucial that the aluminum alloy can perform as per requirements. Currently, to
increase the longevity and e ciency of the car's headlamp, high-pressure die-casted
aluminum alloy is used. This is mainly due to its high production rate and lower
manufacturing cost than other methods. However, there is still room to improve,
possibly by introducing additive manufacturing (AM), which can enable the design
of more complex shapes and improve performance & properties while getting close
to similar productivity.

Through a layer-by-layer process, additive manufacturing (AM) generates accurate
models or things directly from computer-aided design (CAD) models with minimal
geometric limitations. Using several processes, AM may be applied to practically
any material [4]. Each approach has speci ¢ applications and constraints [5].

In powder bed fusion, a heat source is used as a Laser beam (PBF/LB) or electron
beam (PBF/EB) to fuse raw materials together and print the parts. On the other
hand, Binder jetting technology is a multistep AM process "in which a liquid bond-
ing agent is selectively deposited to join powder materials,” according to ISO/ASTM
52900 [6]. Due to the higher production rate compared to PBF/LB, one of the most
sought-after AM technologies for the automotive industry is Binder jetting tech-
nology (BJT). It glues the particles together to produce the shape layer by layer,
eliminating the need for heat during fabrication. Furthermore, unbound powder
temporarily supports unconnected regions of the component, allowing interior vol-
umes to develop and reducing material waste [7]. This procedure is usually referred
to as the printing stage in BJT and must be followed by de-powdering, curing, sin-
tering, and further post-processing to achieve the nal material properties[8]. The
quality of these nal products determines the process's application space. These
nal qualities depend on various process parameters, including the raw material,
powder bed formation, construction parameters, sintering, as mentioned before, and
post-processing techniques such as surface smoothening and heat treatment.

Binder jetting technology for metals (BJT/M) has numerous potential advantages
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as an AM process. It may, for example, deal with almost any powdered feedstock
and integrate functionally-graded components. Because it only has to print the
binder a portion of the overall part volume BJT systems have a comparatively

high build rate when compared to other printing methods like Powder Bed Fusion
Laser Beam [9]. A 100-nozzle print head, for example, can produce parts at speeds
of up to 200 cn? per minute [4].

Numerous studies have been conducted and continue to be driven to grasp the
full potential of this method [10]. The exibility of conceptualizing and creating
intricate patterns with BJT/M comes with its own di culties. Discussions are cur-
rently taking place in process parameter optimization, surface-roughness manage-
ment, support structure removal, post-processing needs, compatible raw materials,
and cost-competitiveness compared to traditional methods for bulk production.

In this master thesis, design for additive manufacturing is explored for this particular
BJT/M technology provided by RICOH Company Ltd. by printing various artefacts
related to the heat sink for the Volvo XC90 model production car. Hardness, thermal
conductivity, and thermal convection tests are measured to understand performance
compared to the as-casted heat sink currently used in the XC90 production series
car model.

1.2 Aim and research questions

Additive Manufacturing components including Binder jetting technology for Metals
(BJT/M) do not always ful Il the product requirements. In the case of BJT/M, it

Is mostly due to the presence of distortions, porosity, and shrinkage that in uence
the nal component tolerances and properties.

Hence, in this project, it was decided to evaluate these aspects with respect to the
existing component. For this purpose, one of the heat sinks in the headlamp of the
Volvo XC90 production series car was taken for re-design and printing using BJT/M
for aluminum alloys. Based on the issue under investigation following research ques-
tions were formulated to be answered in this project.

" How to design for selected application using the BJT/M technology for alu-
minum alloys?

What are the thermal and mechanical properties of Al-alloys produced by the
BJT/M process?

What does the design methodology look like in the dierent process steps
compared to the existing technology in BJT/M?

Does the produced application add any new features, improvements, perfor-
mance, or other values to consider?

These questions were answered at the end of the Thesis based on the knowledge
gained from the project.



2

Literature Study

2.1 Binder jetting for metal

Binder jetting technology is an AM method de ned as a process in which a liquid
bonding agent is selectively deposited to join powder particles [6]. During the
process, the spreading of a powder layer in a build-box is followed by the deposition
of a binder, which selectively glues the particles together. This procedure is repeated
layer-by-layer to join the powder within the designed three-dimensional geometry in
the resulting powder bed [8]. The typical BJT printer system can be divided into
several main parts: a binder deposition system, powder dispensing, and recoating
system build platform, and excess powder collecting chamber, as illustrated in 2.1.

Figure 2.1: Typical schematic process diagram of BJT/M [1]

BJT printer systems come in a variety of con gurations, with the primary di erences
being the size of the powder bed, the features of the printhead, and the operation
of the powder dispensing and recoating mechanism [1]. These systems' performance
can be adjusted by altering several factors that have an impact on the printing
process, green components, and eventually the nished sintered components. Three
categories can be used to classify these variables:
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