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Abstract

The use of electromagnetic actuator components typically involves a coil comprised of a stack-packed
continuous winding, usually layered, and a core material of soft iron or at least a solenoid, similarly
constructed, simply with an air core. These are used widely across, but not limited to, several
industries such as automotive, aerospace, medical, and various electronics. Their application to
additive manufacturing (AM), and in particular to improvement of catchment efficiency, is a
somewhat newly ventured avenue and the use of permanent magnets in their place to simulate their

presence is of similar vein.

The objective of this thesis is to introduce a novel but constructive approach to implement
catchment efficiency improvement with regard to ferromagnetic particles by increasing their density
in proximity to the melt pool through introduction of a magnetic (or electromagnetic) field. This field
acts to produce a lensing or concentric constriction of the particle stream above, and as its contents
near and enter the AM build zone. The particle dynamics and stream studied have a purely vertical
initial velocity and steady flow rate. Not discussed are melt pool effects from the introduced magnetic

field, or angled AM particle streams.

Four analytical methods to determine the magnetic (B) field either on or off the axis of a solenoid
are first studied, then narrowed to two to verify Matlab programming from an established benchmark.
A finite element (FEA) model is constructed to provide simulations and a soft iron particle is
introduced to further determine validity of Matlab programming for both air core and iron core
constructs. A similar process uses permanent magnets in place of a coil. A parametric sweep in the
FEA software generates force data for post-processing in Matlab to produce particle displacement

plots using differential equations to complete this technique.

The aforementioned simulation process serves as confirmation of particle path diversion and
additional experimental validation is proposed. The experiments would substantiate particulate path
diversions in the presence of the permanent magnet configuration, substituted for a coil configuration,

to confirm the simulated construct to be authentic regarding its required particulate force effects.



Acknowledgements

First and foremost | would like to thank my faculty advisers/supervisors for their continued
dedication in their approach to guide my efforts. Dr. Behrad Khamesee and Dr. Amir Khajepour
regularly contributed to assist in interpreting the knowledge required to complete my efforts, keeping
track of scope, and redirecting my efforts as this undertaking proceeded. |1 would also like to further
thank Dr. Behrad Khamesee and Dr. Amir Khajepour as thesis readers, whose contribution was
greatly appreciated throughout the many revisions, and my additional pre-seminar thesis readers Dr.
Ehsan Toyserkani and Dr. Zhongchao Tan. Additionally, my thanks goes out to the staff and faculty
of the University of Waterloo, especially those of the Mechanical and Mechatronics department. | am
very pleased to have an institution of outstanding caliber in close locale to allow me to undertake at
this elevated level. Further extended thanks goes to the University of Toronto Institute for Aerospace
Studies (UTIAS) for providing the opportunity to commence my graduate studies, with my initial

semester.

I would further like to express my thanks to the Canadian banking system for having the avenues to
financial assistance that provided comfort and assurance that a personal undertaking of this magnitude
could be achieved without undue stress given its duration. They are perhaps the most understanding

collective | have ever had the pleasure of dealing with.

Many thanks go to my colleagues and close fellow researchers who aided in gaining immediate
understanding of related subject material and computational efforts. Special mention goes out to Yuze
Huang (Sam) for his dedicated assistance in experimental efforts in the laboratory environment. Much
appreciation is directed to Haniyeh Fayazfar (Ramona) and the Multi-Scale Additive Manufacturing
group (MSAM), headed by Dr. Ehsan Toyserkani, who granted permission to attend their bi-monthly
seminars and provided a ready audience for presentation of subject material generated during my

research efforts.

Additionally | would like to thank my family and community. Often overlooked they nonetheless
provided much needed support and the knowledge that this would be given regardless, strengthened
my resolve. Thank you all and I take comfort knowing my goals can be successfully achieved with

your contributions and continued support towards a most positive result.



Dedication

This dedication goes out to all who have provided assistance to get me to where | am academically
over the last decade or so. Special mention goes to the staff, fellow students, and faculty of Conestoga
College, Institute of Technology and Advanced Learning where my most recent degree was assured,
and those who acted as referees to allow me to continue with my efforts. Closest to my well-being is
my immediate family. Thanks to you all for your continued understanding in my need to personally

excel.



Table of Contents

AULNOI'S DECIATALION.......cuieiiieie ettt et e e b e e te e e sreenreenee e ii
Y 0] 1 - Uod S SUSPRSS iii
ACKNOWIBAGEMENTS ...ttt bbbttt bbbt 1Y
=0 [ Tor [0 ]  H TS OPRURPPRN Vv
TS ) o O =SOSR X
TS ) N I o] LRSS Xii
List Of ADDFEVIALIONS ........ceiiiieiece et Xiii
LiSt Of NOMENCIATUIE........oeiiee et e st b e e e e sre e s naeesnreereeas Xiv
(O T 0] (] SRS Xiv
(O g2 T (=T G0 TSSOSO PP P PP Xiv
CRAPTET 4 ...t b e E R bbbttt r s Xiv
O AXES .ttt ettt s et e e e et e e be e e be e e te e e abe e be e ebe e eheeehee e be e be e be e beeeteeebeeeareenreenree e Xiv

O AXIS ittt et e et e e be e be et e e b e et b e e be e be e e be e eheesheesareaabe e be e beenbeeateas XV
EHPEC INTEGIAlS ... bbbt XV
SUMIMALIONS. ....ve ettt ettt e s te e sbe e sb e e s ab e st e e be e e beesbeeebeeetbeesbeesbeesbeesaeesabessbeesbaeataesseens XVi
0] o PRSPPI XVi
Magnetic Fields and Magnetic Field Gradients ...........ccocooeiriiiiiiiiiieneeeese s XVi
Chapter 1 INErOAUCTION ......eiiieiiie ettt e e e sbeeabeesreeereea 1
00 1Y/ o] 7 L4 o] oSS 2
O (0] o] LT T v U C=T 0 =T | TS 2
IO I8 L= T L 1 1] T P 3
Chapter 2 Background and Literature REVIEW ..........cceoveiiiiieieerie e e 5

\



2.1 BACKGIOUNG ...ttt bbbttt b b nen e 5

2.2 ReleVanCe DefiNItiON ........cooiiiieieece ettt st ste s e nbesneeneenee e 7
2.3 Literature Review: State 0f the Al ..o e 9
2.3.1 Catchment EffiCiency DeCIAred..........ccooviiiiiiieieccess e 12
2.3.2 Magnetic Fields, Spatial Derivatives, and FOICE ..........cccevevieiiiiiiee e 13
2.3.3 Published Theory Insights, Dynamics, and Path DIVErsion ............cccccovveveiecieeiece e, 14
Chapter 3 SYSLEM DESIGN .....cveiuiieiriiitieieeieee ettt sb e bbb eneas 16
3.1 SYSIEM OVEIVIEW ..viiicieiteeie ettt sttt sttt e e te e be s be e e e s beeae e sbesbe et e sbeeseebesaeesbesteennesreeres 16
3.2 Conceptual Design JUSHITICALION .........ccciiiiiie it ene 17
3.3 PIOCESS FIOW. ...ttt bbbttt 18
3.3 L ANAIYSIS FIOW ... 19
TR 1 [ 010 - LA T T 0 PSS 20

3.4 FOrces 0N an Iron PartiCle.........ccouiiiiieie ettt nreenes 21
Chapter 4 Lumped Parameter Model ..........ccoooeiiiiioiiieece e 24
AN | G O] £~ ST SR 24
O O AN LSRR PRSPPI 25
A O i AN -SSP 27
e B = 1T (T [ T = LSOO PROURRORPO 29
414 SUMIMEALIONS ...ttt ettt s ettt e et eseebeebeebene e be e et eseeneaseaseabesbennenneneas 30
4.1.5 BENCAMATK ..ottt ettt sttt e e s et st ae e e 32
4.1.6 SUMMALION PrOOTING......eiiiiieiie ettt ettt eneennenneas 33
4.1.7 Elliptic Integral Proofing .........ooiieii ettt nne s 33
418 SUMIMAIY ..ttt ettt ettt sttt sttt b ekt e bt e b et eb bt e s bt et e e ebe e sbe e she e sabeembeenbeesbeenbeesbnesnneas 34
4.1.9 FEA ANAIYSIS, AN COTE ..ottt sttt sttt st es e ste e e aesaeeneeseeeneennenneas 35

4.2 INtroduction OF IFON COrE ISSUES........ecveieiieeiiiite it e ste e eee et st a et et et e steeseesresneeeenee e 35
4.2.1 Choice of FEA ANalysis MEtNOd............cooiiiiiiiii e 36

4.3 MOUEI RESUILS ... .ecuieie ettt ettt e e s te e s e e besre et e s teebesbeeseestesseenneneeans 36
e T o] o SRRSO UROPRSTRIN 37
4.3.2 MAGNELIC FIBIAS ...cvviie ittt st e et e sbeereenbenre s 38
Chapter 5 Finite Element MOel...........c.ooiiiiii e 40



L N o] (IR 40

IV (0] 1 0o (- TSRS P PR 42
5.2.1 €00l bbb et bttt n bt e e 43
5.2.2 Permanent IMAGNELS.........ooriiririe it 45

5.3 Obtained RESUITS SUMMAIY .......ccoiiiieiieiecie st e sr et sresta e besre e e teenneneas 46

5.4 Post-Processing in Matlab............cccooviiiiiiii e 47

Chapter 6 Refinement of Permanent Magnet Configurations .............ccocevvieienencnienenennnns 49

6.1 Summary of Configurations MOdelled ...........ccccveviiiiiiiiii s 49

6.2 Readily Available Configurations Modelled ... 50

6.3 Selected Configuration TraJECIONIES. ......ccvviiuiie et sre et re e e 54

6.4 Proposed EXPerimental STUTIES ..........coiiiiiiiiieieeee e 56

Chapter 7 Conclusions and FULUIE WOTK ..........cccciveiiiieiecie e 57

8 T o o] 3 o PSSP 57

7.2 Future Work and ReCOMMENUALIONS. .........coiiieiiriiiie i sie et see e 57
7.2.1 Experiment Flow for Proposed EXPErimeNtS ..........ccccvvirererienieinisesese e 58
7.2.2 Proposed Experiment Potential Lab EQUIPMEN ..........ccccveiiiiiic i 59

Ry T ] o0 USSR 62
Appendix A Matlab Code for SUMMALIONS..........oiiriiiiiiieere s 66
Appendix B Matlab Code for EHIPLIC..........cooveiiiiiie e 69
Appendix C Matlab Code fOr FOICe........coiiiiiicec e 71
Appendix D Matlab Code and Function for TrajeCtory..........cccoeierinininienenene s 75
Appendix E Magnetic Field Gradients ..o s 77
Appendix F Proposed Experimental StUAIES............covviiiieiiiiiicie e 79

PrOOT OF CONCEPL....c.viiiee ittt e et et e st e e s e e s teare e aesteeaesteareenrens 79

U 0 OSSP PRSP 79



One inch dimpled cube of FIigure 5.7 WIth TaSEE.......ccoii ittt e s

One inch dimpled cube of FIQUIE 5.7, N0 TASEE ......oeve ettt it e e e e e e e seraeeeees

MAIN 2 (N0 ASEE) ...t b b ettt b b n e

(€] (011 USRS



List of Figures

Figure 1.1: Magnetic field pole action, [2]. ......ccoeiiiiiiecece e 3
Figure 2.1: Vertical powder stream intensity elevations, [3]. ......cccccvieiiiiiieiiieese e 6
Figure 2.2: Micrograph showing molten area (Am) and clad area (Ac), [S]. ...oovovvveviiiniiiiiciice 8
Figure 2.3: Molten pool and Jet area, [6] .......ccocveerereriieiiisise e 9
Figure 3.1: BaSiC SYStEM COMPONENTS........cviviriirereereieieeeie sttt 17
Figure 3.2: Process fIOW EIEMENTS .........ooiiiiiiieieeee e 19
Figure 3.3: Originally intended analytiCal ProCeSS ...........cccooiiiriiirinerieieeee e 20
FIgure 3.4: SIMUIALION PIrOCESS. ......cveieiiiiiiiiatesieste ettt sttt bbbt b e e 21
Figure 3.5: Newton's second law as applied to a soft iron particle in a magnetic field ...................... 22
Figure 4.1: ACS, showing B field, [38]. ........coooiiiiiieiei e 24
Figure 4.2: On axis referenCe GBOMELIY ........ciiiiiriiieieieise ettt 25
Figure 4.3: Multi-turn/1oop COil (ACS), [24]. ....oooe it 26
Figure 4.4: Magnetic field, B, along ACS central axis from coil center to 30mm above.................... 27
Figure 4.5: Single current loop magnetic field off the symmetry axis, [24]. ...c..ccccoceveviiiiiiiiinennn, 28

Figure 4.6: Single current loop for elliptic integral equations. Sum for all loops of solenoid by varying

x and a as needed for each loop stacked both radially and longitudinally for close approximate of B

COMPONENTS, [25]...uiiiiitiiieii ittt st e et e et e s be et e s beesbesbeeteesbesbeesbesbeeseebesbaessesreeseestens 29
Figure 4.7: Air core solenoid geometry. For a radial cross section above the solenoid, assumed ¢= 0

VL [ e e 1 ) PSSR 31
Figure 4.8: Vertical and radial magnetic field components for benchmark, [26]. .....c..ccccccoiiiiiennene. 32
Figure 4.9: Matlab plot of Summation equations for magnetic field.............ccocovnininnincicic 33
Figure 4.10: Matlab plot of Elliptic integral equations for magnetic field ...........c.ccocviiiiiiiiinnn 34
Figure 4.11: COMSOL B field components plot for benchmark COil............cccoovoiiininiiiiiicc 35
Figure 4.12: Circular current 100p geometry, [27]. ..o 38
Figure 5.1: Matlab electromagnetic force component plots for benchmark ............ccocoovviiiiiiiinnn 41
Figure 5.2: COMSOL plots of the electromagnetic force for benchmark example............ccccceoeenee. 41
Figure 5.3: Magnetic field component plots of benchmark example with addition of iron core......... 42

Figure 5.4: Electromagnetic force component plots of benchmark example with addition of iron core

............................................................................................................................................................. 42
Figure 5.5: Plots of magnetic field components for best Coil ..o 43
Figure 5.6: Plots of electromagnetic force components for best Coil...........ccooririiiieniii i 44

X



Figure 5.7: Initial one inch cube PM CONFIQUIAtioN..........ccci e 45

Figure 5.8: Plots of magnetic field components of initial PM configuration ............ccccccovniviininenen. 46
Figure 5.9: Plots of electromagnetic force components of initial PM configuration ...............c.cccoe..... 46
Figure 5.10: One inch cube configuration particle trajeCtories ... 48
Figure 6.1: 10mm PM with 2mm by 4mm PM, configuration 1...........c.cccccevvveiiniiiieniniieie e 52
Figure 6.2: 10mm PM stacked, with 2mm by 4mm PM, configuration 2...........ccccecevviiieveincienennnns 52
Figure 6.3: 25.4mm PM, 19.05mm height, with 2mm by 4mm PM, configuration 3...............c.......... 53

Figure 6.4: 10mm diameter by 10mm height PM with a 4mm diameter by 1.5mm height PM atop,
(o0 Y10 U= L o] o I S SSR 53
Figure 6.5: 25.4mm diameter PM, of 19.05mm height, with a 4mm diameter by 1.5mm height PM

(0] o0 Y To [T L o] (I TSP 53
Figure 6.6: Permanent magnet configuration dimensions KEY .........c.cccovveviiieciiie i 55
Figure 6.7: Configuration 1 particle Paths...........ccceieii i 56
Figure 6.8: Configuration 2 particle Paths............ccoviiiiiiiiieie e 56
Figure 6.9: Configuration 3 particle Paths...........cccooiiiiiiiiiie e 56
Figure 6.10: Configuration 4 particle PathS. ..o 56
Figure 7.1: EXPeriment fIOW CRArt...........cooiiiiiiii e 59
Figure 7.2: Powder deliVery @pParatUS...........ccoueveiriiirinieieesieeeesese e 60
Figure 7.3: CNC QUIPIMENT ......oviiiiiiiete et bbbttt nb e 61
Figure F. 1: Proposed Main experimental @pParatus..............cooerveieiiinenenenieneseeeeesese e 80

Xi



List of Tables

Table 4.1: B field COMPONENT SUMMAIY ........coiviiiiriiieie ittt ste et sre e sre e sbe e aesraeeesnas 34
Table 5.1: BESt COIl PAraMELEIS.......ccveiieiieeie ettt e st se e be e e sbe et e e besneeseesraeneesean 44
Table 5.2: mf and emf component maximums at 20mm above COill/PM .........c.ccooviiiiiiiciciis 47
Table 6.1: Maximum force magnitudes for five configurations and three particle sizes..................... 51
Table 6.2: PM configuration ParameterS. ...........uiiirerierierieieieis st 55
Table 6.3: Particle paths of proposed CONFIQUIALIONS. ...........coviiiiiiiireieieee e 56

Xii



List of Abbreviations

AC/DCalternating current/direct current 36

ACS air core solenoid 24, 25, 26, 27

AM additive manufacturing iii, 1, 2, 3,5, 6, 7, 9, 11, 12, 15, 16, 23, 48, 49, 57, and 58
CAD computer aided design 2

CNC computer numerical control 17, 59, 61, 79

DLD direct laser deposition 2

FEA finite element analysis iii, 4, 18, 19, 21, 24, 35, 36, 37, 40, 41, 42, 45, 46, 47, 57
MIMO multiple input multiple output 12

MRI  magnetic resonance imaging 12

MS  Microsoft 20

PM permanent magnet 45, 46, 47, 49, 50, 51, 52, 53, 54, 55, 81

SISO single input single output 12

SLM selective laser melting 2, 17

Xiii



List of Nomenclature

Chapter 2

Pe,y  Catchment efficiency 7

Ac, A Area of the clad (vertical cross section of the powder melt), 7
S,v  Scanning (traverse) speed, 7

o Powder material density, 7

F, m’ Powder feed (mass flow) rate, 7

n,m, Catchment efficiency 8

Sien AT Molten pool area, 8

Sjet: Ajet Substrate area impinged by the powder jet, 8

B Magnetic field, 13, 14. Also iii, 24-31, 34-37, 39, 44,57, 78
H Magnetic field intensity, 14

M Magnetization, 14. Also 36, 78

Chapter 3

Fgrag, Fo Aerodynamic drag force, 22, 23
Fmagnetic: Fmag Magnetic force, 22, 23

p Particle density, 23

v Particle velocity relative to fluid, 23

Co Aerodynamic drag coefficient, 23

A Frontal (cross sectional) area, 23
Chapter 4

On Axis

Mo Permeability of free space, 25, and throughout
| Current, 25, and throughout
a Coil radius, 25, 26, 27

z Height from coil center along z axis, 25, 26, 27

Xiv



B Magnetic field strength, 25, 26, 27
N Number of coil turns, 26, 27

| Coil length, 26, 27

z Integration variable, 26

Off Axis

In addition to above:

Coil radius, 28

Angle 7, vector makes with z-axis, 28

Angle 7’ vector makes with x-axis, 28

Magnitude of 7, 28

y-coordinate of point P, 28

z-coordinate of point P, 28
Point of interest, 28

Elliptic Integrals

Bo
Bx

Magnetic field strength at coil center, 30

Magnetic field strength x-component at point of interest, 29, 30
Magnetic field strength radial component at point of interest, 29, 30
Internal equation factor based on alpha and beta, 30

Complete elliptic integral function of the second kind, 30

Complete elliptic integral function of the first kind, 30

Ratio of r over a, 30

Ratio of x over a, 30

Ratio of x over r, 30

Distance in the radial direction from the axis of the current loop to the field measurement point, 29, 30
Loop radius, 29, 30

Distance in the axial direction from the center of the current loop to the field measurement point;29, 30

XV



Summations

u Permeability of free space, 31

| Resident electrical current, 31

I'mth_layer Radius of the Mth layer, 31

Znih wrn Height of the Nth turn, 31

P, Vertical coordinate of the point of interest, 31
Pr Radial coordinate of the point of interest, 31

A@ Theta increment/division chosen to develop accuracy, 31

0 Angle from the x-z plane to the plane containing P, and Py, 31
Force
F Electromagnetic force, 37

My, My, M, Components of magnetization, 37

Bext,» Bext, Bext, Components of magnetic field, 37

Magnetic Fields and Magnetic Field Gradients

The magnetic field equations used are as described in (4.18) to (4.22) on pages 38 to 39, similar to

the Elliptic Integrals content provided, above. The magnetic field gradient content of Appendix E

makes use of this information in addition to the following list, below.

6 9 3
ax’dy’ az

Cartesian partial derivatives with respect to x, y, z, Appendix E

By, By, and B, Cartesian components of magnetic field at point of interest, 39

XVi



Chapter 1

Introduction

Descriptively different from subtractive manufacturing where a usable part is literally carved out of a
solid block of material, or blank, additive manufacturing is known to work by building an object up
with the use of stratified, layer-by-layer construction. The precision of the form outline of such a part
can be dictated by the resolution of such layers and this preciseness is becoming less challenging and
more of a parameter as the field of additive manufacturing develops. Of more concern herein, metallic
additive manufacturing powders and the powder stream which carries them are known to have
efficiency of delivery to the additive melt zone less than that desired for more demanding

applications.

Introducing electromagnetism to this thesis, when a straight electrical conductor of electricity has
electrical current flowing in it, a magnetic field is present and is concentric to the wire longitudinal
direction. If this wire is wound around a cylinder for shape, the individual turns of the wire act to
modify the collective shape of this coil’s magnetic field through superposition. Each turn of the coil
acts to increase the magnitude of the field within the coil center as well as the field at the coil ends.
An increase in current or an increase of turns or layers of turns in close proximity to an area of

interest all act to increase the strength of the magnetic field generated there.

When an object that reacts to the presence of a magnetic field is introduced to it an electromagnetic
force on the object becomes evident and that object then experiences motion according to Newton’s
laws if it is otherwise unconstrained. Thus a ferromagnetic particle in a powder stream entering the
region of influence of an electromagnetic coil would have its path of motion affected particularly as it
gets closer to the coil, where the forces from the magnetic field intensify according to the field

strength.

Perhaps better known from the field of transformers or solenoids, electromagnetic coils are
recognized for different characteristics depending on the applications in which they are required to
perform. In additive manufacturing it is proposed that the shape of the melt pool and its density, and
more importantly herein, an increase in the amount of ferromagnetic material in the melt pool region,
often termed catchment efficiency or its improvement, can be achieved. This is proposed via the

introduction of a magnetic field source beneath an additive manufacturing substrate with the ultimate



goal of improving this efficiency. Of most concern herein is the magnetic field present at the ends of

such source.

1.1 Motivation

In industry and some academic settings, computer aided design (CAD) models are used to directly
build three-dimensional objects using any one of several laser processes such as direct laser
deposition (DLD) and selective laser melting (SLM). The increased shape, and geometric design
flexibility possible with these additive manufacturing (AM) or 3D printing methods serves to promote

their increasing popularity.

The typical powder deposition efficiency, from 25 to 45%, experienced has generated concern for
those using laser techniques, even though undamaged powders have proven recyclable in some
applications. However, when very high quality is required, such as in some aerospace applications,
their re-use may not be practical. Surface finish may also be a concern and misdirected, semi-molten
powder produced during the additive process may adhere to surfaces producing unwanted surface

anomalies, [1].

With this in mind, the baseline motivation was to study how to improve catchment efficiency using
electromagnetic and permanent magnetic solutions addressing the potential for a Gaussian

distribution powder density increase, as a lensed focus created through particle path diversion.

1.2 Problem Statement

In AM processes, focusing of powder streams along the stream path has proven difficult using
techniques other than those herein. Thus the re-directed attention herein involves concentrating on
proximity to the stream target, the melt pool region, and incoming powder stream, from beneath the
AM substrate material. In order to do this, a naturally constricting magnetic field presence generated
beneath was required and the field from an iron core solenoid, or simply coil, was deemed suitable
and later a permanent magnet substitute. The coil or permanent magnet north, or south, pole produces
both radially inward, and downward force in relative proximity to this magnetic source. Figure 1.1:

Magnetic field pole action, shows this with directed field lines but the action on a ferromagnetic is



always a drawing, towards either pole. Due to this, the side issue of choice of materials to use in any
proposed experimental apparatus was necessitated towards non-ferromagnetics.

Figure 1.1: Magnetic field pole action, [2].

The issues addressed in this thesis involve presenting a novel way of proving the feasibility of such
a construct to taper an AM powder stream in active proximity to either type of magnetic field source
chosen, through analysis and simulations. A suggested experimental process regimen is also

proposed.

1.3 Thesis Outline

The embodiment of this thesis is presented in eight chapters. Chapter 1 presents an introduction and
discussion of the motivational issues and bolsters them through the sections continuance in providing
the problem statement. Chapter 2 presents the initial approach taken, clarified through the
presentation of introductory equations for catchment efficiency as background. It then provides the
literature review conducted to critically provide information from sources available for developments
in catchment efficiency improvement with an eye to manipulating particles in general. Relevant thesis
content is also comparatively analyzed. Chapter 3 looks at the system design, detailing the principle
elements involved in presenting a system overview, and the conceptual design describes their
interaction. Process flows for the analysis, and simulation regimen are also presented and described.
This chapter then closes with a free body diagram detailing the application of Newton’s second law to

a typical iron powder particle in motion in a magnetic field.



Chapter 4 looks at the lumped parameter model. First presented is magnetic field determination for
an air core solenoid, on axis, then off axis with Biot-Savart in spherical coordinates. This is then
adapted to comply using elliptic integrals in Cartesian coordinates for ease of manipulation and
coding. Then further study through a set of summations completes this series. The results are
compared through Matlab programming and plot comparisons using a benchmark example. Issues
with the introduction of an iron core are outlined and then a ferromagnetic particle is introduced to
develop model results for force. For this, magnetic field and magnetic field gradient equations are

applied.

Chapter 5 continues these efforts through finite element modeling for the air core solenoid and iron
core coil. The use of permanent magnets is introduced and studied. Processing of force generated
parametric studies from the FEA software is described. Then post-processing in Matlab to generate
particle displacement plots is also described. Chapter 6 gives information on additional and readily
available magnet configurations simulated and provides iron particle trajectory plots. Chapter 6 ends

with introduction of proposed experimental studies provided in Appendix F.

No experimental results are given as this is left to future work as outlined in Chapter 7 where

conclusions are also presented.



Chapter 2

Background and Literature Review

In this chapter, catchment efficiency and how it relates to powder particulate path diversion in AM is
introduced. Also, the subject of electromagnetism is described and how the two relate, and are
considered in conjunction. Powder stream intensity distributions are also introduced, leading into a
definition of catchment efficiency relevance with descriptive equations. This closes the background,
and leads into the literature review which actively describes the state of the art of particle path
diversion as it relates to particle manipulation methods, in general. The chapter closes with further
clarification of the relevance of catchment efficiency, and a lead in to matters surrounding the
magnetic fields, spatial derivatives, and forces involved. Also, published theory insights, and the

dynamics involved with path diversion are presented.

First, some background on the subject of additive manufacturing (AM) is provided.

2.1 Background

Additive manufacturing (AM) is becoming more in-demand, sometimes bringing it to a level of equal
or greater consideration when the alternative conventional solid-block subtractive manufacturing, and
other manufacturing methods, fail to provide an adequate solution for parts formation. In AM,
intricate and complex geometry can be created as the part is slowly built up from nothing, usually in a
stratified layer-by-layer manner, as opposed to subtractive where the part is machined from a solid
block, removing material as the formation process progresses. In AM, when metallic powders are
used, the AM system delivers powder using a shielding gas, to transport it to the build zone. The
amount of powder which is amalgamated in this melt zone, through laser activity, is typically much
less than that delivered by the powder spray in its entirety. The relationship between these is often
considered to be what is termed catchment efficiency, a ratio of them, expressed as a percentage, or a

ratio of spray contents reaching the melt zone to the total amount of spray delivered.

In electromagnetism, magnetic fields can be generated that act on a ferromagnetic particle in their
vicinity. Introducing a field to a metallic powder stream in AM has the possibility of the field lines

acting on a ferromagnetic particle entering the field, and redirecting it, such that its path of travel has
5



it entering the melt pool when it otherwise would not (in the absence of such a field). The goal herein
is to use an electromagnetic source, a coil, or solenoid, replaced by a strong permanent magnet, or
magnet configuration, for simulation, producing a similar magnetic field, to alter the path of a
ferromagnetic particle when it is within relative proximity to this magnetic field construct. This would
help to improve the amount of metallic powder directed to the melt zone and increase the ratio
mentioned, thereby improving catchment efficiency. The focus herein is the analytical and simulation
sides of redirecting a particle with the use of such a field, in a feasibility study. The field source is to
be placed beneath the AM substrate material, coaxial to the melt zone, with the powder stream
completely vertical, and the field construct also axially vertical, as a proof of concept, as well as

feasibility study.

Figure 2.1 shows a representative vertical powder nozzle and powder distribution intensities at
various elevations. Of interest here is the potential for a localized constriction of the intensity at a
specific elevation relative to the substrate to effectively increase the amount of powder that is incident

and part of the melt pool.

Figure 2.1: Vertical powder stream intensity elevations, [3].
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Presented next is a description of the mathematical representation of catchment efficiency used as a
guide in portraying how the intensity increase can be used to improve it.

2.2 Relevance Definition

Catchment efficiency is often presented in studies, but its improvement is rarely a focus. One cannot
say it is a growing aspect of the AM field, but its presence is definite and is perhaps best described as
a developing concern. It is typically reported as a percentage, either a ratio of metrics, or a ratio of
effective to total powder particulate area concentrations.

The state of the industry in this regard appears to be focused on two catchment efficiency models.
The first involves a ratio of the product of the clad area as a vertical cross section of the powder melt,
the scanning (traverse) speed, and powder density, to powder feed (mass flow) rate. The equation is
presented below, ([1], [4], and [5]), as (2.1).

A.Sp Apv

P, = and/or,y = (2.1)

ml

In this equation, P,, y represent catchment efficiency, A., A represent area of the clad (vertical cross
section of the powder melt) as shown in Figure 2.2, S,v are the scanning (traverse) speed, p is

powder material density, and F, m' are the powder feed rate as a mass flow.
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Figure 2.2: Micrograph showing molten area (Am) and clad area (Ac), [5].

The second model involves the ratio of the molten pool area to the jet area on the substrate and

notably increases with an increase in laser power ([6], [7]). It is presented in equation form, below.

ta Amett

je je

n= andn, = (2 2)
Sjet P Ajet

In this equation, n,m,, represent catchment efficiency, or powder efficiency, S].lé‘t’,A]’-’;{:’” represent
the molten pool area as shown in Figure 2.3, and Sj., Aj.; are the substrate area impinged by the

powder jet.



Figure 2.3: Molten pool and jet area, [6]

Either of these equations can be used to represent catchment efficiency improvements but the
studies undertaken herein did not involve dynamic or static jet or melt pool geometry determinations.
With other factors such as laser power, scanning speed, and powder feed rate held constant, the
focusing of the powder stream due to the introduction of electromagnetic or magnetic fields was
anticipated to prove readily observable.

Other descriptors for efficiency introduce the powder stream as a distribution that is Gaussian. The
tightening or lensing of such a distribution should serve to produce a taller, more centralized three-
dimensional spread with central, axial mean and smaller, concentric standard deviation as alluded to

in Figure 2.1.

The focus of the study undertaken is on theoretically increasing the clad area in the first equation
within the translational region of interest, with traverse speed constant. This is the choice for model
development guidance and is the governing protocol. A powder consisting of iron (ferromagnetic)

particles was central to the study and a single powder grain is considered.

The next section focuses on the state of the art as presented from a search of relevant materials

using online methods via a literature review.

2.3 Literature Review: State of the Art

Additive manufacturing has become a mainstay as a manufacturing process and improvement of
catchment efficiency is becoming a growing concern. There are several references to it and related

items in the literature. Attempts at path diversion, and ferromagnetic particle path diversion, are
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somewhat scarce. Nonetheless, the following is presented as a review of the available literature
regarding manipulating particles in general, as well as ferromagnetics, and represents a sampling of
what may be available in complete.

Simply changing the gas flow rate to provide less dispersion in the powder stream exiting the
stream nozzle acts to reduce the overall powder feed rate in the denominator of equation (2.1), ([1],
[4], [5]), alluding to increased efficiency. Although this decreases the mass flow rate, the substrate
traversing speed would then need to be decreased, logically leading to adverse changes in the thermal
(laser) parameters. A balance of these three elements would be required through the establishment of
parameter sets. Alternatively, simply increasing the number of powder delivery nozzle systems, with
multiple nozzles and multiple powder streams, would increase the amount of powder getting to the
melt zone, but would not address the catchment efficiency concerns for which particulate path

diversion is herein tantamount.

Provided in [8] is a mathematical model for catchment efficiency, but it does not allude to its
improvement. It is simply stated as a ratio of mass of powder particles falling into the molten pool to
the mass of powder particles stored in a specified cylindrically bounded powder flow field. Whereas
provided in [9], is a method to increase efficiency by modifying the nozzle of the powder delivery
system, targeting usability in industry. Within, catchment efficiency is defined as the mass of the clad

layer(s) to mass of the powder ejected from the nozzle(s). But nozzle design is not of concern, herein.

An aerodynamic beam generator for large particles is described in [10]. Velocities are in the few
feet per second to supersonic range dependent on the conditions of operation and configuration
chosen. The generator is patented, and it can be used to produce a tightly focused beam of particles
only described as large, also not of concern herein. In contrast, [11] uses efforts directed at increasing
the powder deposition rate instead of analytical efficiencies by using multiple laser beams and
powder nozzles to deliver more material to the additive zone(s) per unit time. Features of the object to
be created are outlined by a single laser and featureless regions are then filled in using a series of laser
beams which are equally spaced to complete, allowing fabrication time to be greatly decreased. This

also does not properly address the concerns herein as multiple lasers are not considered.

Eddy current manipulation is used in structural integrity of components in non-destructive testing

and for separation of electrically conductive materials in waste streams where management of
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particles with dimensions on the order of five millimeters and less is possible. The manipulation
process uses a rotor to create an electrical torque field introducing spin in order to elevate the particles
to a stream removal height [12]. As the particles used in the analysis and simulations of this thesis are
assumed to be spherical and uniform in density, the introduction of spin through electrically induced
torque would be difficult. In actual fact the additive manufacturing particles are not typically perfect
in this manner, and could possibly be processed in such a way. Further, use of a fast spinning magnet
has also proven effective in manipulation of ferrous/non-ferrous mixtures with the non-ferrous
particles tending to jump when they pass over the magnet. This is due to the repulsive Lorentz force,
which allows particles that reach a certain height to be collected. However, eddy currents are easily
produced in metals which have a high electrical conductivity to mass density ratio and iron does not,
making the use of eddy current techniques here a very difficult method to achieve success with.
Further, a high frequency eddy current source operating in the 100 kHz range is typically adequate for
particles of 200 microns and up [13] making it further impractical for use herein where maximum

particle size is about 125 microns.

Additionally, introduced in [14], a ramped configuration eddy current system using permanent
magnets to deflect non-ferrous metallic particles describes a separation process. But it additionally
states that ferrous (deemed magnetic) metals need to be removed from the stream as they would
simply adhere to the permanent magnets, also somewhat a concern herein. This would block the
stream and impede proper operation of the eddy current system. A similar rotary configuration is

presented in [15].

Particle manipulations are studied in [16] using electrodynamic separation to impart momentum in
a pulsed magnetic field. It involves using cylindrical particles with their symmetry axis along the
magnetic induction vector. Again, particles studied herein are assumed spherical with uniform density

making the content of [16] not completely applicable.

Efforts at Boeing have recently centered on magnetic levitation effects to create additive
manufacturing constructs. The nugget created involves super-cooling turning it into a superconductor,
for which the additive material becomes diamagnetic. Levitation relieves the nugget of the
requirement for a supporting platform during the build [17]. The process is very costly and structural
integrity involving internal stresses is driven by the inherent temperature range. The part is also
fragile, susceptible to shatter fracture at the low temperatures involved. In contrast, [18] introduces

electromagnetic levitation melting using eddy currents. Special equipment to produce both
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electrostatic and electromagnetic levitation is required, wherein each is typically dependent on the
magnetic source strength and frequency. The costs involved make this impractical herein.

The theory involving charged particles in motion becomes applicable for electrons or heavy ions
and is limited by the static field electrical breakdown of 107 VV/m. Also, the magnetic forces generated
on these charged particles are much smaller than the electrical forces [19], [20]. The particles studied

herein are charge neutral.

Steering of a ferromagnetic particle along a predefined path in a fluidic environment is introduced
in [21] (and several of its listed references). Here, a MIMO system is described, built on previous
knowledge regarding a SISO finite-dimensional nonlinear system. Helmholtz coils and an MRI
environment are assumed with the focus on controller model development, for biomedical
applications. State space representations are used for particle guidance systems whereas the content of
this thesis is not controller based, but substantiates particle deflections in a constant magnetic field as

opposed to particle path planning and confirmation.

Introduced and described in [22] is transfer efficiency, melting efficiency, and deposition
efficiency, the last of which is of concern here. It is “used to describe the ratio of actual deposition
rate (i.e., powder that is fused into the melt pool) to the total mass flow rate of powder delivered by
the system.” Here efficiency is described mathematically with an equation similar to (2.1). Efficiency
was quoted within at a maximum of fourteen percent due to the fact that most of the powder delivered
never comes into contact with the melt pool. A pair of semi-empirical equations is developed relating
the three efficiencies through regression analysis of In-In plotting. This depth of interpretation was not

considered applicable or necessary for the processes herein.

2.3.1 Catchment Efficiency Declared

Returning to the opening equation pair of section 2.1 from [1], [4], and [5], powder efficiency is
presented as the ratio of clad area multiplied with traverse speed and powder density, to the powder
mass flow rate. Although the bulk of these three literature items contents is not appropriate for the
type of AM anticipated in this thesis, the equation used for catchment efficiency is inherently
applicable and relevant as an adequate descriptor. The fact that area of the clad (melt pool section) is
part of the numerator definitively shows that increasing this variable directly increases efficiency and

this acted to provide inspiration for the efforts within this thesis.
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The nine exogenous process parameters with direct effect further studied within [1] included laser
power, laser beam diameter, scanning speed, powder particle size, and powder delivery rate, powder
carrying gas flow rate, powder delivery nozzle diameter, its offset distance, and angle. In this thesis,
all of these were established to be held relatively constant for proposed experiments. But the second
equation of the first pair given in section 2.1 for y contained within [1] is relevant for the reasons just

stated in the close of the previous paragraph.

The second equation pair of section 2.1, from [6], and [7], uses a different expression for powder
efficiency based on a horizontal area ratio of melt surface to powder stream surface. Relevancy of
these expressions to this thesis approach is minimal as they contain no direct reference to bulk clad
sectional area. However, if the powder stream surface area were to be shown as decreased under
action of the presence of the introduced magnetic field to the point where the entire stream were

within the laser zone, although not practical, their relevancy would be confirmed.

Introduction of a Gaussian powder catchment efficiency function shape in [23] shows a potential
method for determination of powder distribution. Here it was assumed that powder intensities would
be measurable and presentable as such if additional study were done. The stream would be
photographed and with the processed photo file, would have powder density confirmed via intensity
of stream portions as sectioned within the photograph of Figure 2.1.

2.3.2 Magnetic Fields, Spatial Derivatives, and Force

Herein, four approaches from the literature were studied and undertaken in progression. The
process started with the B field on the central air core solenoid axis in [24], with programming in
Matlab and modelling in COMSOL Multi Physics. Here, the analysis also included coil replacement

with a permanent magnet.

Next, the consideration of the magnetic field off axis for a circular current loop was studied as in
[24] in the x-y plane producing a result in spherical coordinates. The conversion of this to Cartesian
coordinates involved the evaluation of elliptic integrals. Rather than evaluate approximately using an
expansion series numerically, the set of expressions in [25] from the law of Biot-Savart involving
complete elliptic integrals of the first and second kind were used. This allowed for easy programming
for magnetic field calculations at an off-axis (any) point in space using Matlab. The code was readily

developed for multi-turn, multi-layer solenoid B field component magnitudes as well.
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As a second process for comparison purposes using a benchmark example from [26], code in
Visual Basic from this source was adapted to Matlab. It was shown to be in agreement with the results
from the process involving [25], as well as the given benchmark (of subsection 4.1.5) results. The
process of [26] involved a set of summation equations in Cartesian coordinates for a precision result

developed based on choice of angle increment in the discrete, summation equations.

In the category of general physics, equations developed for the components of the magnetic field
for a single current loop in [27], in agreement with those described above were used as confirmation
for those of [25]. This source, [27], also provided their spatial derivatives with all presented in
spherical, Cartesian, and cylindrical coordinates. Of these, Cartesian proved very useful for
programming for magnetic field calculations as well as force on a particle calculations, adaptable for

multiple turn, multiple layer coils.

Expressions for the analytic representation of the force on a magnetized object were used as
provided in [28]. Along with expressions for magnetization and the spatial derivatives from [27], the
components of the force on a particle in a magnetic field could be calculated. Portions of the content
of [29] provided virtually identical equations for force as developed in [28] with the exception that
they were expressed in terms of magnetic field intensity, H, in place of magnetic flux density, B.
Applicability of the equations from [28] and [29] is further confirmed in the literature in [30] where
they are carried forward, as used in abrasive application, to magnetically induced cutting particles, not

relevant in this thesis.

2.3.3 Published Theory Insights, Dynamics, and Path Diversion

The equations and content of [31] served to introduce the writer to the field of electromagnetics and
the relevant theory surrounding implementation of Maxwell’s equations, in particular, the divergence
and curl of B. The theory in [31] was extended in [32] and was consulted for additional background

on relevant theory regarding magnetic fields and force calculations.

Further clarification of the relationship of magnetic field, B, to magnetic field intensity, H, and
further, magnetization, M was given by [33]. These relationships greatly assisted with the calculation
of force on a particle in a magnetic field and although obtained as an early reference proved to

advance the transparency of this knowledge later in its development. This reference was further
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consulted when basic knowledge was required, providing necessary background information,

inclusive of Maxwell’s equations, for example.

The content of [34] served as an introduction to some of the terminology surrounding laser additive
manufacturing. It provided a general outline for relevant stages of the writer’s thesis direction and
segmentation with areas such as research of existing documentations and publications, analytical
studies, simulations, and proposed experiments. It further served as a ready reference for lexicon and

was a periodic source for clarifications.

Magnetic levitation of an iron ball, as described in [35], served as an introduction, possibly
adaptable to an iron particle. An iron ball was encased in a plastic box and attempts were made to
have the ball float in mid-air. Although not directly related to the processes studied in this thesis it
does serve to provide a general concept to apply such as the redirecting of small iron particles upon

which this thesis is based.

The content of [36] was consulted for its writings on fine particulate dynamic motion and the
aerodynamic forces which ensue. After careful consideration its informative material was disregarded
as gravity forces on the iron particles were deemed negligible. Further, due to the small frontal area of
the particles, drag forces were also considered negligible. Even still, these forces were included in the

processing and solving of the differential equations of section 5.4: Post-Processing in Matlab.

The content of [37] presents a method of determining the catchment efficiency by taking the
average of the double integration of a probability density function over two area representations of
portions of the melt pool. Further relevant content includes processed images of powder streams
showing grayscale intensities as definitively Gaussian similar to Figure 2.1. Although the material
presented within is tantamount in its detail to catchment efficiency, only some of the writings within

were directly aligned with the content and direction of this thesis.
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Chapter 3
System Design

In this chapter, a general overview of the AM process in the vicinity of the region of interest where
the active clad would be located is presented. Also, the guiding paradigm with regard to materials,
process, and suggested method for confirmation is given under Conceptual Design Justification. The
process flow elements are stated. Analysis and simulation flow charts are provided and described.
Lastly, Newton’s second law is applied to an iron particle with a free body diagram presented in

Figure 3.5.

3.1 System Overview

Central to the studies is the iron powder that would be used for the AM process. Stainless steel
containing a seventy percent content of iron by weight was considered. For ease of analysis and
simulation pure iron was decided upon, for simplicity, and also for the fact that one hundred percent
of its content is ferromagnetic. This would ensure a stronger path diversion of the powder under the

force introduced with the presence of the coil or permanent magnet’s magnetic field.

An argon delivery and shielding gas would deliver the powder at a rate of two meters per second to
the active zone. The argon, being inert, shields the laser activity as in a welding process, ensuring no
impurities develop. The shielding is temporary. Once the active zone propagates as the substrate
undergoes translational motion with the stream stationary and constant, the weldment surface is free
to oxidize. More importantly, the internal geometry of the clad would remain purely as intended to
ensure its needed mechanical properties. It is important to note that although the gas used is in fact
very much needed as shielding during laser activity, the principal suggested verification process uses

the gas purely on the basis of its particle stream delivery ability.

A substrate was to be used and its elevation would be constant, with no translation in the analytical
y-direction and motion purely in the analytical x-direction. Figure 3.1 shows the basic system used in
a two-dimensional figure. The powder delivery nozzle and permanent magnet configuration remains

stationary while the substrate translates horizontally in the x-direction shown.
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Stationary Powder particle initial conditions:

powder 2 m/'s, downwards
delivery 20 mm above substrate
nozzle 1 to 10 mm from central magnet axis

Fixed end
Translates
left
horizontally

Stream

20+ mm
Depending on magnet strength

Free end

f [ Translating substrate (2mm thickness)

Gap
adjustable Stationary permanent magnet configuration
(Dimensions vary)

Figure 3.1: Basic system components

Considerations regarding the conceptual design are presented next.

3.2 Conceptual Design Justification

Choice of substrate material was first suggested as steel or aluminum, with aluminum being the
logical choice. Although the steel would work well preliminarily to show the powder stream in its
unaltered path, when the magnetic source was brought in proximity to this material it would
immediately be drawn to it. This would make the apparatus very difficult to assemble, and future
prototypes to operate. After additional research, it was determined that the aluminum, although non-
ferromagnetic, possesses heat transfer characteristics which are much greater than steel. If welded
with the laser equipment available it would simply melt the aluminum substrate through thickness
completely, locally. A more practical, but more expensive alternative was suggested as titanium. It
has close to the same heat transfer abilities of steel for which the available equipment laser
parameters were already known, and, it is non-ferromagnetic. This would all become relevant if the

experiments proposed involved laser operation.

Propagation of the substrate through translational motion during the proposed SLM activity was to

be in the y-direction of the CNC apparatus (analytical x-direction). If the laser were to be working,
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the powder delivery nozzle would be angled, to avoid interference, as the laser line-of-sight is purely
vertical. If not working the nozzle would be purely vertical.

It is notable that there are issues anticipated with powder attraction to the magnetic source of
choice as the substrate translates. An accumulation of powder may be dragged along the substrate
surface. This may possibly be accommodated through quick acquisition of photographic evidence of

stream constriction as soon as the process of powder delivery commenced.

The preferred orientation of the powder delivery nozzle for simplicity herein is purely vertical. This
would allow the magnet to be aligned with the powder stream central axis providing an un-skewed,
concentric particle intensity distribution. It would potentially then be observable as a tapering, or
constriction of the stream in proximity to the magnetic source. This is in contrast to the purely

concentric shaped right conical form which is present in the absence of a magnetic field source.

The balance of the process would involve simply obtaining photographic evidence. This would
validate the process, showing a powder stream tapering when pictures with and without a magnetic
field source present beneath the substrate as it translates are taken and compared. The use of
appropriate photography equipment, lighting and special conditions such as choice of backdrop would
reveal this.

Process flow for the two research segments of analysis and simulation is presented next.

3.3 Process Flow

The approach taken herein involved establishment of the initial conditions for a typical ferromagnetic
particle, followed by analysis of forces established from the particle being present in a magnetic field.
Then simulations were undertaken in the FEA software, with the last logical step being
experimentation (left to future work) to validate results of the simulations and analysis. The structure

of the relation of these is as presented in Figure 3.2.
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Figure 3.2: Process flow elements

The first of these, analysis flow, is presented next.

3.3.1 Analysis Flow

The originally intended analytical method began with establishment of the ferromagnetic particle
initial conditions. These were taken with respect to position relative to the central core of the
magnetic source (x-direction (1 to 10 mm)) and top of substrate (z-direction, 20 mm, above)), and the
powder stream nozzle exit velocity components (vx = 0, v, = 2 m/s, downwards). Next, Matlab was to
be used to determine the magnetic field components. A meshgrid was used to generate a 1mm
resolution lookup table. Then the particle was to be introduced, and force calculations on the grid
were to be calculated, also in Matlab.

From here, the ode45 function of Matlab and double interpolation of the force component lookup
tables were to be used to determine particle positional data. Lastly, the particle positional data from
the differential equation results array was to be plotted, also in Matlab. Figure 3.3 shows a process
flow for this procedure.

It is notable that this complete analytical model was not sufficient to describe the magnetic field
and force data adequately. This is further noted in section 4.1.9, leading to the assumption that the
FEA method involving COMSOL Multi-Physics superseded the analytical process, with further study
of the analytics involved left to future work.
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Figure 3.3: Originally intended analytical process

Next, simulation flow is described with the addition of finite element analysis.

3.3.2 Simulation Flow

The simulation study began with modeling of the magnetic source in COMSOL Multi-Physics. Once
established, then the parametric sweep ranges were defined and the simulations begun. Upon run
completions, force data could be generated and then formatted in MS Excel. These were established
as .mat files in Matlab, where Matlab could then generate positional data using the initial particle
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position and velocity conditions, the ode45 function, and the COMSOL lookup tables. Once the
positional data was obtained, trajectory plots could then be created, also in Matlab. Figure 3.4 shows

this process flow.

Particle path deviation

plots using set of initial

positions and force data
processing results

Model magnetic source
in FEA (COMSOL Multi-
Physics)

Establish parametric Process force data in
sweep varying particle Excel and Matlab

positiononalx 1 mm (ode45 and lookup
grid table)

Run FEA simulation Acquire force data post
software simulation run

Figure 3.4: Simulation process

The next section provides details on the application of Newton’s second law of motion to a particle

in a magnetic field.

3.4 Forces on an Iron Particle

When an iron particle is in motion and is in the presence of a magnetic field, it is acted on by several
forces as described herein. The forces to be considered include the magnetic force, aerodynamic drag
force, and gravitational force. These are described here, in component form, with reference to Figure
3.5.
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+ from Newton's second law of motion:
| t QF=ma
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x Max = Fmg_x - leg_x
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NTS
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Magnetic
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Figure 3.5: Newton's second law as applied to a soft iron particle in a magnetic field

From the vectors presented in Figure 3.5, and applying Newton’s second law the sum of the force
components in each direction of the Cartesian system are developed as follows.

Z E =May, = Fdragx - Fmagneticx (3.1)
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Z F, = Ma, = Farag, — Fnagnetic, — Mg (3.2)

ZFszayzo (3.3)

(as the analysis is planar with the magnetic force concentric in y)

In the use of (3.1) to (3.3), the magnetic force components developed are as presented in
subsection 4.3.1 and Appendix E. Otherwise, they are obtained from COMSOL simulations in
Chapter 5.

The gravitational force is determined from the mass of the particle based on its volume and density
of 7800 kg/m®. Lastly, the drag force components are developed from the Stoke’s Law application of

drag for a sphere in motion in a fluid, presented below.

1
Drag force = Fp = EPUZCDA (3.4)

In this equation, o is the density of fluid taken to be argon (1.6339 kg/m? at 25 °C and 14.696 psia),
v is the velocity of the particle relative to the fluid, A is the frontal (cross sectional) area, and Cp is the

drag coefficient, taken as 0.44, herein, for a sphere.

It is often taken that the drag forces are minimal as the AM particles are travelling with the argon
fluid at a steady state velocity. However, herein they were included in the analyses to provide
conservative results. The gravitational force developed is also significantly less than the magnetic
forces involved due to the very small size of the particles involved, but once again was included for

completeness, and a conservative result.

Chapter 4 next presents the lumped parameter model that was used for the analysis herein.
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Chapter 4

Lumped Parameter Model

Chapter 4 content delivers a lumped parameter model. The approach herein was to first present
introductory studies of the magnetic field calculation using four approaches for an air core solenoid
including on axis calculations, off axis calculations, calculations using elliptic integrals, and lastly
calculations using a set of discrete summation equations. A benchmark example is then used to proof

Matlab coding and an introductory FEA model is presented.

Difficulties encountered with the introduction of an iron core to the benchmark air core solenoid
are given. Also, a section on model results introduces force, and magnetic fields, with magnetic field

gradients presented in Appendix E.

4.1 Air Core

The simplest representation for the analytical approach involved the breakout of the wire coil, free of
substantial core material, in essence an air core solenoid (ACS). This reduced the number of materials
present to one, just the coil of wire itself with the exception of air (the environment). This provided a
system elegant in its simplicity, easy to analyze with knowledge readily available in the literature.
Figure 4.1 shows an ACS and a planar portion of its field (actual field is concentrically revolved
about central axis) used for analysis purposes.
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Figure 4.1: ACS, showing B field, [38].
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The magnetic field on the central core axis is provided next.

4.1.1 On Axis

The central axis of the ACS along the core longitudinal axis was the source of analytical beginnings
for determining the magnetic field strength. This focus allows first the magnetic field at a distance z,
on the axis of a single loop of wire, with radius a, carrying a current of | to be presented ([24], from
Biot-Savart), equation (4.1). Then this is adapted to a multiple turn, single layer set of stacked loops,
Figure 4.3, as a very close approximation of the coil construct. The equations for this are presented as
(4.2) to (4.5), below. Also, an image of the plot of the magnetic field for a representative coil with its
parameters given in the title is presented in Figure 4.4. Take note that the B field is also
symmetrically present for the other half of the coil as shown in the representation in Figure 4.1, not
shown in Figure 4.4.

= tola? .
B = —————— for on axis 4.1
2(a? + z2)3/2 (+.1)

Figure 4.2 shows the reference geometry for (4.1).

-direction
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Figure 4.2: On axis reference geometry

(In the above u,, the permeability of free space is 4w X 1077 Hm™1).
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For the single layer solenoid of length I, with N turns developed similarly to that in [24], from Biot-

Savart, using a multi-turn coil simplified to a stacked set of loops:

o M a2
01 dz'. (4.2)
2[a? + (z — z")?]3/2

dB = 2

Figure 4.3 shows the reference geometry for (4.2). In the figure, if we take a cross section of tightly

packed loops at a height, z’ having thickness, dz' the quantity of current flowing through them is

proportional to the thickness of this cross section, given from the fact that dI = I (?)dz’.
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Figure 4.3: Multi-turn/loop coil (ACS), [24].
The integration proceeds as follows.
T u M v, dz’
_ o z
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Z_f 2002+ -2 Tt ) (@ - 2P (*+:3)

du 1 u

By uslng f m = E\/ﬁ (4 4)
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(4.5)

A plot of the magnetic field for a representative coil (top or bottom half of Figure 4.1) with its
parameters given in its title is provided in Figure 4.4.

B at central coil axis of 10 cm length, 10 mm radius, 100 turns, at 1A

0.0014
at middle of coil

0.0012

at coilend =B/2 of

0.0006 middle (approx.)

0.0004

Magnetic Field at central axis, B (T)

0.0002 above coil end

B
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Distance from end of coil (m)

Figure 4.4: Magnetic field, B, along ACS central axis from coil center to 30mm above

From the above we can get the on axis magnetic field magnitude with direction along the axis.

Next, the magnetic field at a point off the central axis is considered.

4.1.2 Off Axis

On axis calculation of the magnetic field strength is adequate to introduce one to the expected shape

and generally diminishing characteristics of the magnetic field with distance from the coil center and
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its ends. For the purposes of this study, of more interest is the magnetic field off the central axis, or

more precisely, anywhere in space relative to the coil.

The following figure, [24], shows a circular loop of radius R lying in the x-y plane and carrying a
steady current I. The magnetic field at point P off the axis of symmetry is presented as
approximations in Cartesian coordinates herein, with the following exact equations (developed in
9.8.19, 9.8.20, and 9.8.2, from the Appendix of [24]) in spherical coordinates.

N
Z

I

Figure 4.5: Single current loop magnetic field off the symmetry axis, [24].

B yOIchosefz’T do' (4.6)
T 4nm o (RZ%+ 12— 2rRsinfsing’)3/2 '

1oIR 27 (rsing’ — Rsinf)d ¢’
A o (RZ + 72— ZTRSiI’IQSin(P,)B/Z

By(r,0) = (4.7)

The variable r is defined as follows with 8 and ¢’ as shown in Figure 4.5.

r = |#| = \/(—Rcos@’)? + (y — Rsing')2 + z2 = \/|R2 + y2 + z2 — 2yRsing’ (4.8)
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(In the above ,, the permeability of free space is 47 x 1077 Hm™1).

The evaluation of these equations for given points in space involves the use of elliptic integrals,

considered next, in order to produce more exact results.

4.1.3 Elliptic Integrals

Additional sources were consulted to attend to the presence of elliptic integrals with Figure 4.6 and
equations (4.9) to (4.12) from [25]. The equations were verified through adaptation from a single
current loop to that of a coil. The generated data was plotted for a benchmark example as outlined in
subsection 4.1.7 and then compared to the supplied plots of the example from [26], shown in
subsection 4.1.5.

Figure 4.6 was used for the following equation set.

Figure 4.6: Single current loop for elliptic integral equations. Sum for all loops of solenoid by
varying x and a as needed for each loop stacked both radially and longitudinally for close

approximate of B components, [25].
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In (4.9) and (4.10), B is the magnetic field (Tesla) at any point in space that isn't on the current
loop. It is equal to the vector sum of two field components, By, the field component that is aligned
with the central axis, and By, the field component that is in a radial direction. The remaining variables
are defined as shown in (4.11) and (4.12).

=Zandp="andy =1 4.11
@=—an ﬁ—aan v== (4.11)
4a il
Q=[1+a)?+p?*andk = 6andBO=Z (4.12)

In (4.11) and (4.12), By is the magnetic field at the center of the coil, i is the current in the loop
wire (Amperes), a is the loop radius (meters), and uo is the permeability constant (approx. 1.26 x 10®
or exactly 4n -107 H-m™" or N-A™2). Further, x is the distance in the axial direction from the center of
the current loop to the field measurement point, and r is the distance in the radial direction from the
axis of the current loop to the field measurement point. Lastly, K(k?) is the complete elliptic integral

function, of the first kind, and E(k?) is the complete elliptic integral function, of the second kind.

From the above we can get the magnetic field magnitude in each direction.

An approximate representation is presented next, using a set of discrete summation equations.

4.1.4 Summations

The example benchmark from pages 7 and 8 of the online source at [26] uses the set of summation
equations presented below, (4.13) to (4.15), as developed in [26]. Figure 4.7 is provided for clarity.

The coil in the example is multi-layer and multi-turn in composition. The equations are presented as
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describing the magnetic field in and around a finite cylindrical air-core solenoid. Similar to the
elliptic, the proofing plots are provided in subsection 4.1.6, verified against those of subsection 4.1.5.

A Z-axis

Py

Top turn - -. P

Central turn

o

Bottom turn X-axis

+———2 X7 —>

Figure 4.7: Air core solenoid geometry. For a radial cross section above the solenoid, assumed
¢=0and P, = Py, [26].

The equations are presented, below.

m=Niayers n=Ntyrns §=21

u ITyvien 1ayer (P, — 2, m)ABcosf
BX:E Z Z Z Mth laye ( Nth tu n) (413)
m=1

3.
n=1 6=0 [Prz + (Pz — ZNth turn)z + r[vzlth layer — 2Pr'thh layercos(e - (P)] 2

m=Niayers n=Neurns 6 =271

By — 4i Z Z Z Ithh layer(Pz — ZNth turn)AHsjnH (4 14)
T m=1

3
n=1  6=0 [Pr2 + (Pz — ZNth turn)2 + rIElth layer — ZPrthh layercos(g - (ﬂ)] 2

m=Nlayers n=Nturns =21

293
B,=—
2 4Am

2 2 2
m=1 n=1  6=0 [Pr + (Pz — ZNth turn) + Twen layer — 2P Tyen layeTcos(e - <P)

_Ithh layer [PrCOS(G - (P) — "Mth layer]Ae

]3/2 (4.15)

The variables in (4.13), (4.14), and (4.15) are defined with u as the permeability of free space, | as the
resident current, and r as the radius of the Mth layer. Further, z is the height of the Nth turn, P, is the
vertical coordinate of the point of interest, and Py is the radial coordinate of the point of interest. Lastly, A8
is the theta increment/division chosen to develop adequate accuracy (1000 increments proven), and ¢ is

the angle from the x-z plane to the plane containing P, and P;.
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The above equations can be used as an additional method to determine magnitudes of the magnetic field

in each direction.

Next, the benchmark used to establish confirmation for analysis is presented.

4.1.5 Benchmark

The benchmark example used as quoted from page 7 of [26] is provided here:
Example:

Let us wind a coil using #28 gauge enameled copper wire. This wire has an outside diameter,
including insulation, of 0.349mm and a resistance of 0.217Q/m. A coil 100mm long will just
accommodate 287 turns. Let the inner radius of the winding be 10mm and wind 16 layers.

Finally, let us power the coil with 5V dc.

The winding is 16 layers, or 5.584mm thick, so the average radius of all the turns is
12.792mm. The length of wire in the coil is the total number of turns multiplied by the average
circumference, or 287 x 16 X 2 X T X Taverage, OF 369.1m. The resistance of the coil as a whole is
369.1m x 0.217Q/m, or 80.1Q2. Ohm’s Law gives the current through the coil as | = V/R =
5V/80.1Q2 = 62.4mA.

The author then solves the summation equations to produce the following pair of plots used for

proofing Matlab coding summation and elliptic efforts previously described, herein.

Bz (Gauss) vs. radial displacement {mm) Br (Gauss) vs. radial displacement (mm)
(various axial displacements) (various axial displacements)

Bir field strength (Gauss)

Distance from centerline [mm) Diztance from centerline [mm)

Figure 4.8: Vertical and radial magnetic field components for benchmark, [26].

The parameters of this benchmark are used in the following sections, 4.1.6: Summation Proofing,

and 4.1.7: Elliptic Integral Proofing.
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4.1.6 Summation Proofing

The following figure shows the plots obtained from adaptation of the Visual Basic code from pages
15 to 17 of [26] to Matlab (see Matlab Code for Summations, 66). It can be seen that the plots are
virtually identical to those of the benchmark in Figure 4.8.

BZ (Gauss) vs. radial displacement (mm) Bx (Gauss) vs. radial dis placement (mm)
(various axial displacements) (various axial displacements)
8.0 T T T T T T T T T T

4.0

10mm above top turn| 10mm above top turn | |

701 301

6.0 20}

501
101
401
0.0
aor
-1.01
201

B_ field strength{Gauss)

Noqpf 201

Bx field strength (Gauss)

0.0 3.0

1.0 L L L L L L L L L 4.0 L L L L L L L L L
-200 -160 -120 -BO -40 o] 40 80 120 160 200 -200 -160 -120 80 -40 o 40 80 120 160 200

__ Distance from centerline (mm) __ Distance from centeriine (mm)

Figure 4.9: Matlab plot of Summation equations for magnetic field

Shown next is the benchmark using elliptic integrals to demonstrate their plotted results similarity.

4.1.7 Elliptic Integral Proofing

The following figure shows the plots obtained from adaptation of the Visual Basic code using the
elliptic integrals and basic outline from pages 15 to 17 of [26] to Matlab (see Matlab Code for

Elliptic, 69). Also, here, the plots are virtually identical to those from the benchmark example.
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Bz (Gauss) vs. radial displacement (mm) Bx (Gauss) vs. radial displacement (mm)
(various axial displacements) (various axial displacements)
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7ol 10 mm above top turn | |
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Figure 4.10: Matlab plot of Elliptic integral equations for magnetic field

A summary of comparative B field component nomenclature follows.

4.1.8 Summary

Although both of the above Matlab plot pairs show excellent results patterned as in the plots of the
example of subsection 4.1.5, it is notable that the summation scheme here generates results in about
nine and a half minutes, while on the same computer system, the elliptic scheme generates a virtually
identical result in about one second. Thus the elliptic was the chosen result to move forward and
process with.

The following table summarizes the expressions used for the components of B in the previously
presented subsections of 4.1.1 through 4.1.4 as well as the representations of the components of B,
moving forward, as general, given with respect to the coil top. The representations for the off-axis

method are listed as spherical (B, and By) while the remaining are Cartesian.

Table 4.1: B field component summary

On Axis Off Axis Elliptic Summation General
Vertical B Spherical Bx B, B,
Horizontal N/A, on axis Spherical Br Bx Bx
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FEA software applied to the benchmark example is provided next.

4.1.9 FEA Analysis, Air Core

The benchmark coil of subsection 4.1.5 was modelled in COMSOL Multi-Physics FEA software
using a parametric sweep and produced the results presented in Figure 4.11. The COMSOL results
were in discrepancy with those from the Matlab coding, but of the same order of magnitude. This
multiplier is not consistent for the entire sweep, possibly following a normal or Euler-form
distribution depending on position relative to the coil geometry, the determination of which is left to

future work.

Line Graph: Magnetic flux density, z component (G)

Line Graph: Magnetic flux density, x compenent (G)

Magnetic flux density, 2 component (G)
w0 o ~ (-] w B w LN — (=
Magnetic flux density, x compenent (G)

g
1L U0y
1.5r 0 10mm above oy
2 i) &
2.5+ 0 20mm above Eh FD
3 30mm above
9k -3.5
s
10t 1 L L L -4.5 L L L L L
-40 -20 0 20 40 -40 =20 0 20 40
particle position (mm) particle position (mm)

Figure 4.11: COMSOL B field components plot for benchmark coil

Due to the complexities involved, the FEA results were assumed to govern. Presented next are

issues surrounding introduction of an iron core to the benchmark to increase magnetic field strength.

4.2 Introduction of Iron Core Issues

Applications herein did not involve a focus on the coil central body as an actuator such as in an
automotive starter solenoid, but on the special application where the magnetic field produced and
maintained at the coil ends affects the path of an iron particle while under its influence. At this stage

of the research, an iron core was introduced as a field intensifier.
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When the iron particle is brought into relative proximity to the coil, magnetization, M, enters the
equations for force calculations. With B and M in the equations, further discrepancy as introduced in
subsection 4.1.9 becomes evident in magnitude for the electromagnetic force components. It is
compounded by the magnetization from the introduction of the iron particle and an iron core

presence, with an expected distributed multiplier similar to the description in subsection 4.1.9.

Determination of an iron core factor was suggested and its determination was attempted, however
this factor was determined not to be a constant, but also to have variability with regard to position of
the particle, relative to the coil geometry. Attempts to construct an iron core factor matrix using data
from FEA analyses led to the determination that future work is again required here. The FEA results

were once again taken to govern.

Presented next is considerations regarding number of dimensions (2D, 3D) required for the

continuance of FEA modeling when an iron particle is present in the magnetic field.

4.2.1 Choice of FEA Analysis Method

For the analysis with an iron particle present, it was established that an axisymmetric modelling
method was inappropriate as dictated by the particle presence and the fact that in this environment it
would improperly be revolved as a torus. A three dimensional modelling method was chosen. Particle
tracing was not used as the iron particle charge was neutral. Further, required moving mesh
constraints made the use of the Fluid-Particle Interaction module of COMSOL Multi-Physics
inappropriate. For the magnetic field and electromagnetic force determinations, the COMSOL

modelling method chosen relied solely on use of the AC/DC module for Magnetic Fields.

The next sections focus is on model results.

4.3 Model Results

The established regimen of programming in Matlab and modelling in COMSOL, from this chapter, is

carried out in this section with further comparison using the benchmark of subsection 4.1.5.
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A small ferromagnetic spherical particle of soft iron is treated as an induced magnetic dipole from
its presence in the magnetic field. The applied equations of force, magnetic field, and magnetic field
gradient are introduced with results displayed from graphical output of the software in the opening

pages of Chapter 5.

Presented first, here, is electromagnetic force consideration.

4.3.1 Force
The following equations, (4.16) and (4.17), developed within [28] are used to display and evaluate

the force on a magnetized object from a magnetic field as first described in section 3.4.

F = J (M - V)B,,.dv (where V X B and V - B are both zero in its development) (4.16)
14

Within (4.16) the following equation (4.17) in terms of magnetization components and magnetic

field gradients is defined.

0 0
(M ) V)Bext = (an + My@ + MZ &) Bextxx
d ) d A
+ (Mx ax T Mgy T E) Bexe,¥ (4.17)

0 0 0
+ (Mx& + My@ + MZ E) BethZ

NOTE: Due to complexities involved with determining magnetization components for a
ferromagnetic particle analytically, reliance was placed on the FEA software to provide the

components of force.
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Expressions for the magnetic field components are shown previously, but their gradients are not.
The following subsection reviews the field components using a different set of variables, also used in

Appendix E to describe the nine gradient expressions within (4.17).

4.3.2 Magnetic Fields

Equations (4.18) to (4.22) and Figure 4.12 presented from [27], for further use in Appendix E,
describe the magnetic field with respect to a circular current loop. Superposition was used in their
application to approximate the field from an air core solenoid in Matlab. They make use of complete
elliptic integrals of the first and second kind.

I

> a

I

< <

Ho

Figure 4.12: Circular current loop geometry, [27].

The following substitutions are made for simplicity:

2
a
pr=x2+yir2=x24y2+ 22,02 = a2 +1r%—2ap, B2 = a% +r? + 2ap,k? = 1—1? (4.18)

I
yExz—yz,CE,uOE,fromwhichpZO,rZO. (4.19)

In the above, | represents current, and Lo is the permeability of free space.
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The magnetic field components are:

B = ZaCZxﬁZPZ [(@® + r2)E(k?) — a?K (k?)] (4.20)
B, = —Zaczj;;zp—z [(a® + r®)E(k?) — a®K (k*)] = %Bx (4.21)
B, = Zaczﬁ [(a®? = T2)E(k?) + a’K(k?)] (4.22)

In the above, K(k?) is the complete elliptic integral function, of the first kind, and E(k?) is the
complete elliptic integral function, of the second kind.

From this, the magnetic field gradients can be shown with similar variable definition. They are
presented in Appendix E.

Use of the preceding information allows additional analysis when an iron particle is introduced to
the magnetic field environment and this is presented next in the opening pages of Chapter 5, as a lead-
in to simulations.
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Chapter 5

Finite Element Model

In this chapter, the equations of section 4.3 are used in calculations in Matlab through programming
for the multi-turn, multi-layer air core solenoid of the example benchmark of subsection 4.1.5, first.
Then the same solenoid is modelled in COMSOL for comparison. Analyzing this same solenoid in
Matlab, but with an iron core proved difficult due to the iron core presence. It is studied here with the
use of the FEA software, COMSOL Multi-Physics, and not analytically in Matlab. The analytical

process clarifications are left to future work as outlined in Chapter 7.

The soft iron particle diameter used at this stage for analytical and comparative simplicity was one
millimeter (1000 microns). Later stages for experimental purposes reduce this size to the
aforementioned particle spherical diameter of 125 microns. The electromagnetic forces involved are

applied for the first time, here.

Further presented are the results of developing an optimal coil configuration by coil parameter
adjustments and amperage increase with real world wire gauge selection for current carrying
compliance. Then a permanent magnet configuration was developed to produce an approximately
similar magnetic field strength presence compared to that of the optimum coil. Magnetic field and
electromagnetic force magnitudes for comparisons are presented in Table 5.2. Lastly, post-processing
in Matlab to achieve the particle path diversion plots is presented. This serves to confirm that the soft
iron particle modelled in the system would in fact undergo a simulated change in direction under the

influence of the magnetic field presence.

5.1 Air Core

The equations of section 4.3 were used with the code in Matlab (see Matlab Code for Force, 71) to
produce the electromagnetic force plot of Figure 5.1: Matlab electromagnetic force component plots

for benchmark.
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Figure 5.1: Matlab electromagnetic force component plots for benchmark

The same coil modelled in COMSOL using FEA produced similar shaped plots within
approximately twenty percent. Further study of the anomalies here is left to future work. Figure 5.2:
COMSOL plots of the electromagnetic force for benchmark example, is provided, below, for
comparison to Figure 5.1.

Line Graph: Electromagnetic force, z component (ni) Line Graph: Electromagnetic force, x component (ni)
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Figure 5.2: COMSOL plots of the electromagnetic force for benchmark example

From this we can see that the general shape of the plots is very similar when the different scales of
the plot axes of Figure 5.1 and Figure 5.2 are considered. The discrepancy does appear to have some
correlation in the plot results to that first described in subsection 4.1.9, again, future work. Here,

again the FEA results were taken to govern.
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The next section involves adding an iron core to the simulation to provide a magnetic field

strengthening in order to increase the electromagnetic force available to act on an iron particle.

5.2 Iron Core

The addition of a soft iron core acted to definitively increase the magnetic field component
magnitudes and the electromagnetic force component magnitudes. The FEA plots for the benchmark
example are provided in Figure 5.3 and Figure 5.4 for both.

Line Graph: Magnetic flux density, z component (G) Line Graph: Magnetic flux density, x component (G)
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Figure 5.3: Magnetic field component plots of benchmark example with addition of iron core
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Figure 5.4: Electromagnetic force component plots of benchmark example with addition of iron
core
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From this we can see the plausibility of adding an iron core and the general effects on the magnetic
field and electromagnetic force components generated evident from the change in force axis range
from the tens of nano-Newton of Figure 5.2 to the thousand nano-Newton range of Figure 5.4, an
approximate 100 fold increase.

Next, the coil parameters such as configuration of number of turns and number of layers of wire,
wire gauge, and current are tuned in order to produce a coil construct capable of providing sufficient

force to attempt particle diversion studies.

5.2.1 Cail

With the addition of an iron core, force strength magnitudes reached into the micro-Newton range
from the previous nano-Newton range of the air core solenoid originally introduced. From here it was
appropriate to develop coil parameters for configuration optimization. Programming in Matlab was
used to select parameters in order to produce a maximum applied electromagnetic force to a typical
iron particle. The particle used was spherical, and one millimeter in diameter here. The magnetic field
and electromagnetic force plots for the best coil are provided in Figure 5.5 and Figure 5.6. They show

forces now developed in the milli-Newton range.
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Figure 5.5: Plots of magnetic field components for best coil
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Line Graph: Electromagnetic force, z component (uN) Line Graph: Electromagnetic force, x component (uN)
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Figure 5.6: Plots of electromagnetic force components for best coil

The best coil parameters are given in Table 5.1. It is noted that the wire gauge chosen allowed a
current boost to 5A, approximately 80.1 times more current than that of the benchmark example of
4.1.5. It is further notable that current is a constant linear multiplier to the B field components as

shown in the equations throughout Chapter 4.

Table 5.1: Best coil parameters

Wire gauge/ Turns Layers Inner radius
sheathed diameter (core)
Current
5A 22AWG/0.714mm 148 31 10mm

With this configuration establishing a usable upper bound on field and force, it was necessary to
switch constructs from a coil configuration to a permanent magnet configuration. This enabled
development of a practical experimental apparatus that could be used in a laboratory setting with
available equipment.

The use of permanent magnets is introduced next.
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5.2.2 Permanent Magnets

Permanent magnets can be used to substitute for an electromagnetic coil to produce a magnetic field
of similar shape to that of the coil. In order to develop forces of the magnitude of the best coil of
subsection 5.2.1 it was necessary to obtain neodymium permanent magnets of maximum strength
rated as N52. Those obtained had surface fields on the order of 6450 Gauss for a one inch cube form
magnet, for example.

Several magnet configurations were considered and it was decided a one inch cube would be used
for magnitude of force development. Additionally, a ten millimeter diameter by four millimeter height
permanent magnet, central on top of the cube, as shown in Figure 5.7, was added. This would act to
locally focus the magnetic field above the construct. A one millimeter diameter iron particle is shown
in close proximity in the figure.

1mm diameter iron sphere

10mm by 4mm height N52 PM

—_ | -
1 inch cube N52 PM

Figure 5.7: Initial one inch cube PM configuration

Magnetic field and electromagnetic force plots from the FEA software for the Figure 5.7 permanent
magnet (PM) configuration are provided in Figure 5.8 and Figure 5.9. A remanence of 1e6 A/m was
used for the FEA simulations.
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Figure 5.8: Plots of magnetic field components of initial PM configuration

Line Graph: Electromagnetic force, z component (LN} L Line Graph: Electromagnetic force, x component (uN) =

T T T T T
1000 ﬁdcuu 4
800
o
m

o
o
o

O 10mm above

Electromagnetic force, z component (uN)
o
&
=3
S

Electromagnetic force, x component (UN)
o

4000 00 F 0 20mm above nl:! [ﬁ] 4
-1000 |- 30mm above m q
4300 ° L m'ﬂ;p L L
-40 20 o 20 40

4]
particle pesition (mm) particle position (mm)

Figure 5.9: Plots of electromagnetic force components of initial PM configuration

The above curves are not identical to Figure 5.5 and Figure 5.6. However, their shape is very
similar, with magnitude size similar and approximately equal maximums achieved. For this reason,

these were assumed a comparatively suitable substitute to the best coil with iron core of 5.2.1.

Next, comparative results are presented for maximums achieved for magnetic field and

electromagnetic force components of this chapter’s considerations.

5.3 Obtained Results Summary

Table 5.2 summarizes the magnetic field component and electromagnetic force component
maximums obtained for the results of Chapter 5, and related portions of Chapter 4. The air core

results from Matlab to COMSOL show the approximate twenty percent discrepancy as outlined in
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subsection 4.1.9 (FEA taken to govern). Adding the iron core provides the definitive boost described
in section 5.2. Varying the coil parameters to obtain the best result (see Table 5.1), with a current
boost from 62.4mA to 5A, allowed the results of subsection 5.2.1. Further, the coil results had their

approximate magnitude achieved using a permanent magnet configuration from subsection 5.2.2.

From here, the focus was on the use of a permanent magnet construct in place of the best coil

construct.

Table 5.2: mf and emf component maximums at 10mm above coil/PM

Air  core, | Air core, | lIron  core, | Coil, 17 PM,
Matlab COMSOL COMSOL COMSOL COMSOL
Section/Subsection | 4.1.5 419 5.2 521 522
Bx 3G 3G 30G 1900G 1500G
B: 7G 10G 95G 6000G 5500G
Fx 6nN 4.5nN 375nN 1500uN 1200uN
F, 20nN 16nN 1100nN 4500pN 4700pN

The next section introduces FEA results post-processing in Matlab to allow determination of

particle trajectory, or particle path diversion, using parametric sweeps in COMSOL Multi-Physics.

5.4 Post-Processing in Matlab

In order to develop ferromagnetic particle positional information, results from parametric sweeps in
COMSOL were copied and structured in MS Excel. These were read into Matlab and saved as .mat
files for further use as double interpolation lookup tables. These tables were then used as force data to
solve the ode45 differential equation set (see Matlab Code and Function for Trajectory, 75). From this
the plots of Figure 5.10 and others like them were developed. Here, the initial particle speed was 5
m/s, downward and this was later changed to 2 m/s, as in the literature, [37]. Initial position was

20mm above the PM, with x-position as noted in the figures as variable.
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Figure 5.10: One inch cube configuration particle trajectories

The results plotted in Figure 5.10 show trajectories for the one inch cube (left) and one inch cube
with ten millimeter diameter, four millimeter (10/4) height cylindrical addition (right) N52 permanent
magnet of Figure 5.7. The top of the magnet was set as zero elevation and the central core axis of
each magnet construct was at x-position zero. From this, it is seen that there is definite variability in
the particle trajectories from the left half of Figure 5.10, and the right. There is increased horizontal
draw in the two to six millimeter X, paths (left half of figure to right) and there is decreased horizontal
draw for eight and ten. This serves to prove greater focus to be achievable closer to a melt pool with
the use of the 10/4 addition.

From here, it was determined that the magnet configuration be studied with efforts directed at
improving the intensity of the inward draw close to the central magnet configuration axis. Addressing
this proximity interest with regard to a typical additive manufacturing melt pool build zone was

deemed to be most appropriate. Findings regarding this study are the principle focus in the following.
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Chapter 6

Refinement of Permanent Magnet Configurations

With the confirmation of trajectory modification of section 5.4, further study into optimizing the
permanent magnet configuration was undertaken and is described here. Several configurations were
analyzed, based first on shape of the main body, then on permanent magnets on-hand. The post-
processing method of section 5.4 was used to obtain the plots discussed in section 6.3 for select
configurations only. The remainder have results mentioned (not presented) from COMSOL

modelling.

Here, a 125 micron maximum diameter spherical particle was used in place of the 1000 micron to
be more representative of actual AM particle diameters. With this reduced size, the initial particle
speed of 5 m/s, downward was changed in magnitude to 2 m/s, as in the literature [37]. Initial position
was considered to have z-coordinate 20mm above the PM, with x-coordinate set similar to that used

to develop the results of section 5.4 with reference to the central axis of the PM construct as zero.

A summary of the configurations which were modeled is presented next.

6.1 Summary of Configurations Modelled

Parametric sweeps of the configurations here were used to generate force component plots in x and z.

Four sets of figure series were generated based on PM main body shape including:

1. 13 mm by 13 mm cylindrical

a. Base shape (1 shape)

b. Base shape with 10 mm diameter by 4 mm height cylinder atop (1 shape)
2. 19.05 mm, and 25.4 mm cubic (2 separate cubic shapes)
3. 38.1 mm, and 50.8 mm spherical (2 separate spherical shapes), and

4. 19.05 mm, and 25.4 mm cylindrical (2 separate cylindrical shapes).
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Each main body shape was simulated as follows, each for three particle diameters of 0.125, 0.5,

and 1mm;

1. Main body alone
2. Main body with 2mm by 4mm PM atop

3. Main body with 2mm by 8mm PM atop

These 72 simulations were documented and referenced to determine choice of configurations to

emulate from available permanent magnets on hand, presented in the next section.

6.2 Readily Available Configurations Modelled

The set of figures that follow Table 6.1 (Figure 6.1 to Figure 6.5) show the electromagnetic force
components on a resident iron particle of 0.125mm diameter obtained using a parametric sweep in
COMSOL Multi-Physics. The particle position is shown relative to the central axis of a permanent
magnet (PM) configuration and plots are given for three different elevations (2, 5, and 10 mm) above
the topmost part of the magnets. Summarized force data for three different particle diameters (0.125,
0.5, and 1 mm) is given in Table 6.1 for each configuration. Only 0.125mm particle diameter plots are

given, for relevant brevity.

The five configurations presented include:

1. A 10mm diameter by 10mm height PM with a 2mm diameter by 4mm height PM atop

2. A 10mm diameter pair of PM stacked, with a 2mm diameter by 4mm height PM atop

3. A 25.4mm diameter PM, of 19.05mm height, with a 2mm diameter by 4mm height PM atop
4. A 10mm diameter by 10mm height PM with a 4mm diameter by 1.5mm height PM atop, and

5. A 25.4mm diameter PM, of 19.05mm height, with a 4mm diameter by 1.5mm height PM atop
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Table 6.1 summarizes the maximum force magnitudes for each configuration and particle size

studied here.

Table 6.1: Maximum force magnitudes for five configurations and three particle sizes

Spherical particle | Configuration Fx max (UN) Fz max (UN)
diameter (mm)
1 10 40
2 10 40
0.125 3 18 75
4 30 112
5 45 130
1 600 2300
2 620 2600
0.5 3 1200 4700
4 1900 7100
5 2500 8500
1 4500 19000
2 5000 21000
1 3 9200 38000
4 16000 57500
5 20000 62500

Note: Configuration 2 had none to marginal increase in force component maximums compared to
configuration 1 and was thus disregarded in further study. The remaining were carried forward, as

presented next.

Figure 6.1 to Figure 6.5 show the electromagnetic force components a resident iron particle of
0.125mm diameter experiences when in relative proximity to the given PM constructs. The plots were

obtained using a parametric sweep in COMSOL Multi-Physics. The particle position is shown
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relative to the central axis of a given permanent magnet (PM) configuration and plots are given for

three different elevations (2, 5, and 10 mm) above the topmost part of the magnets.

Two of the configurations are presented as proposed for future experiments in Future Work and

Recommendations, section 7.2 (item v.).
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Figure 6.5: 25.4mm diameter PM, of 19.05mm height, with a 4mm diameter by 1.5mm height PM atop, configuration 5
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It is evident from the above figures that the force component magnitudes are in the micro-Newton
range. It is also shown that the greatest magnitudes are experienced in the region close to the AM
build zone, as desired.

The following section describes the particle trajectories for four of the five above PM

configurations.

6.3 Selected Configuration Trajectories

Configurations 1, 3, 4, and 5 from section 6.2 next had force lookup tables, first noted in section 5.4,
constructed for a complete set of elevations from 1 to 20 mm above the magnets. COMSOL modeling
was used with a parametric sweep, to generate force data for use in Matlab. In Matlab, the ode45
differential equation method was used to determine particle path plots while under the force lookup
networks. Table 6.2 shows the magnet configuration parameters using dimensions according to the

key, Figure 6.6.

For these, the 0.125mm diameter spherical iron particle was given initial x-coordinate position of 1,
2, to 10 mm displacement in the x-direction from each permanent magnet configuration central,
vertical axis. A height of 20mm above was used for the initial z-position. An initial velocity of 2 m/s

vertically downward was also used.

It is notable that the previously used initial velocity of 5 m/s downward was discarded here, as no
discernible lateral deflection was evident in the plots when it was used. Also, the 2 m/s is
approximately in agreement with [37] where velocity of the particle is equal to the gas mass flow rate

divided by the powder delivery interior nozzle area.

The contents of Table 6.2 represent the bulk of the configurations which could relatively be

constructed from PM’s that were readily available.
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Table 6.2: PM configuration parameters

Section 6.2 Section 6.3
PM PM a (mm) b (mm) ¢ (mm) d (mm)
Configuration | Configuration
1 1 10 10 2 4
4 2 10 10 4 1.5
3 3 25.4 19.05 2 4
5 4 254 19.05 4 15

Figure 6.6: Permanent magnet configuration dimensions key

The plots for these configurations are provided in Table 6.3. Here, configuration 1 showed little
deviation from the vertical until at the elevation of the substrate which configuration 2 markedly
improved. Configuration 3 showed similar draw, but breaks from the vertical much sooner and

configuration 4 improved on this.

It is notable that the concept of introducing these configurations was to produce a localized greater
draw in the vicinity of the typical melt pool location. All but configuration 1 readily showed this to be
evident as seen by the break of the xo = 1 mm to Xo = 3 mm range. From this it is indicated that
configuration 2 and either 3, or 4 would represent likely candidates for experimental verifications

(reference item v. of section 7.2).
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Table 6.3: Particle paths of proposed configurations

Particle position relative to PM axis, top of coil, Dp =0.125mm
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Figure 6.7: Configuration 1 particle paths
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Figure 6.8: Configuration 2 particle paths
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Figure 6.9: Configuration 3 particle paths
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Figure 6.10: Configuration 4 particle paths

Proposed Experimental Studies are mentioned next.

6.4 Proposed Experimental Studies

Appendix F (with initial details in section 7.2) presents some details regarding proposed experimental

studies. A proof of concept method for initial study and two main experimental procedures are

suggested. Also, a figure detailing suggested apparatus is provided.

Conclusions and Future Work are presented next.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, introduction of a novel but constructive approach to implement catchment efficiency
improvement with regard to ferromagnetic particle path diversion was addressed. The potential to
increase their density in proximity to the melt pool region through introduction of a magnetic field
from either a permanent magnet, or electromagnetically with a coil, was used. It was shown through
simulations that this field would act to produce a lensing or concentric constriction focus of the

particle stream above as its contents near and enter the AM build zone.

Of the four analytical methods to determine the magnetic (B) field either on or off the axis of a
solenoid studied, the two chosen (summation, and elliptic integral) verified Matlab programming
from an established benchmark example. The FEA model constructed to provide simulations using a
soft iron particle to determine validity of Matlab programming showed a discrepancy in the B field
and further discrepancy for the electromagnetic force, over Matlab, for the air core solenoid
benchmark. This led to analysis dependent on FEA software only, moving forward. Introduction of
permanent magnet configurations in place of a coil was decided to simplify constructs for future

proposed experimental considerations.

Parametric sweeps in the FEA software for given coil and permanent magnet configurations
generated force data for post-processing in Matlab. This was used to produce particle displacement
plots using differential equations. Successful determination of particle path diversion was confirmed
for the four selected permanent magnet configurations, chosen from available magnets in stock to

provide constructs with which to move forward with experimentally.

7.2 Future Work and Recommendations

Although the analysis and simulations presented in this thesis show a definite change in a soft iron
particle path while under the influence of a given magnetic field, there are several considerations or

improvements with the following recommendations regarding future work to be considered:
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The contents of the melt pool for ferromagnetic material can have its shape altered by the
introduction of a magnetic field to the AM build zone. Future work may involve analysis
and evaluation of such melt pool geometry considerations through substantiation of their
effects.

Another inadequacy encountered involved introduction of the iron core to the air core
solenoid and the magnitude or distribution of what could be termed as the iron core factor.
It is proposed that experiments, possibly leading to publishing, be undertaken to potentially
determine a mathematical method to define an equation for this factor based on position

relative to coil geometry.

A method to apply the process studied to an actual AM build using generally accepted
processes, inclusive of angling the powder stream and using active lasers, and having a
controlled construct for the magnetic field (possibly a coil with electric current adjustable)
is suggested. This would serve to provide a more complete validation of the intended

effects.

Determining a way to control the magnetic field component magnitudes by use of an
electromagnetic source in place of permanent magnet constructs in order to allow the
particles additional time in the effective field, under greater inward draw, could serve to
improve the process. The iron particles would then be directed further inwards to the
central lasing region, as intended within. Additionally, using an electromagnet with a

variable magnetic field would allow for height compensation during a build process.

Conducting the proposed proof of concept presented in Appendix F, and experiments, is a
logical, and foreseen aspect for future work. This would provide confirmation of the
underlying concepts and simulations presented in this thesis. The simulation process does
serve to preliminarily confirm, with proposed additional experiments that would serve to

validate.

Provided next is the experiment flow for proposed experiments.

7.2.1 Experiment Flow for Proposed Experiments

The intended experimental flow involves first establishing a powder type to use and its delivery
process to the AM melt zone. An argon gas delivery system would establish this. Once substantially

within reasonable proximity to the magnetic field source, it could be acted on via the magnetic field.
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The next step would be to capture an image of the trajectory change compared to an image without
the magnetic source present. From here, the before and after images could be processed in Matlab
using an image command series of operations to verify a change in the particle stream intensity
distribution as shown in Figure 2.1. Figure 7.1 shows the intended experiment flow process.

Powder delivery to

AM build zone eDelivery
proximity

Powder magnetically E\YEFE{IEH(S
acted on action

Image capture of

powder path *Image

Image processing in
Matlab to verify eImage

particle stream Processing
intensity distribution

Figure 7.1: Experiment flow chart

Lastly, a brief description of two of the potential lab environment machines is presented.

7.2.2 Proposed Experiment Potential Lab Equipment

Two items of lab equipment that were to be used for conducting the experiments and any proof of
concept efforts are as presented in Figure 7.2 and Figure 7.3. The powder delivery system is a Sulzer
Metco Twin 10C powder feeder, and the CNC is a Fadal, model 88HS.

Both are capable of providing adequate functionality towards achieving the required outcome of
having a powder delivered and a substrate translated beneath the powder stream. Permanent magnets
to deflect the stream (in the vicinity of the stream) from beneath the substrate are readily available as

described here in Chapter 6.
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Photographic equipment suitable for the task of capturing the powder deflection event is yet to be
determined. Also, appropriate lighting and backdrop are for future considerations.

Figure 7.2: Powder delivery apparatus
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Figure 7.3: CNC equipment
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Appendix A
Matlab Code for Summations

% '// Generalized subroutine to calculate the components of the magnetic
% '// field at stepped 1mm planar points (zplane) above a cylindrical

% '// air-core solenoid. Adapted from:

% '// http://[www .jimhawley.ca/downloads/Magnetic_Field Around_Finite_Solenoid.pdf
%1/

% '// Nturns = number of turns of wire in each layer

% '// Nlayers = number of layers of wire in the winding

% '// 1 = current flow, in amperes

% '// Rcore = inner radius of the winding, in meters

% '// Hcoil = height of winding, in meters

% '// *** Note that Dwire, the diameter of the wire, is calculated from Hcoil / Nturns ***
% '// U = permeability of the medium, in T/Am

% '// Ntheta = number of arcs into which each turn 1s divided (1000 is good)
% '// Pz = axial displacement from center of coil to point P, in meters

% '// Pr = radial displacement from centerline of coil to point P, in meters
% '// Pphi = angular displacement of point P from the x-axis, in radians

% '// Bx, By, Bz = components of the magnetic field at vector P, in Tesla
clear

cle

1=0.0624;% [A]

Bx=0;By=0;Bz=0;

Nturns=287,

Nlayers=16;

Ntheta=1000;

Rcore=0.01;% [m]

Hco11=0.000349*Nturns;% [m] 0.577 mm film-coated

Dwire=Hcoil/Nturns;

zplane=0.01:0.01:0.03;% [m]

U=4*pi*1le-7;% mu-not

Pr=-0.200;Pz=Hcoi1l/2+zplane;Pphi=0;
Bxx=zeros(Rcore/0.001+191+200,1);Byy=zeros(Rcore/0.001+191+200,1);Bzz=zeros(Rcore/0.001+191+200,1);
count=0;

33 v=datestr(now);

s fori=1:3

35 for R = 1:2*(Rcore+0.190)/0.001+1

3% for M = 1:Nlayers

37 rMthlayer=Rcore+(Dwire*(M-0.5));

38 for N = 1:Nturns

© o N o o1 R W N
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39 zNthturn=Dwire*(N-0.5-(Nturns/2));

0 Denominatorl=(Pr*Pr)+((Pz(1)-zNthturn)*(Pz(i)-zNthturn))+(rMthlayer*rMthlayer);
41 %L.oop which steps around a single turn

) for Itheta = 1:Ntheta
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43

45
46
47
48
49
50
51
52
53
54
55

57
58
59
60
61
62
63

65
66
67
68

69
70

71

72
73

74
75
76
77
78
79
80
81
82
83

85
86

oS}

7

Theta=2*p1*(Itheta-0.5)/Ntheta;
CosTheta=cos(Theta);
SinTheta=sin(Theta);
CosThetaPhi=cos(Theta-Pphi);
Denominator2=Denominatorl-(2*Pr*rMthlayer*CosThetaPhi);
Denominator2=Denominator2*sqrt(Denominator?);
Denominator2=rMthlayer*(2*pi/Ntheta)/Denominator2;
dBx=(Pz(1)-zNthturn)*CosTheta*Denominator2;
dBy=(Pz(1)-zNthturn)*SinTheta*Denominator?;
dBz=(Mthlayer-(Pr*CosThetaPhi))*Denominator?;
Bx=Bx+dBx;
By=By+dBy;
Bz=Bz+dBz;
end% Itheta
end% N turns
end% M layers
Bx=I*U*Bx/(4*p1);
By=I*U*By/(4*p1);
Bz=I*U*Bz/(4*p1);
Bxx(R,1)=Bx;
Byv(R,1)=By;
Bzz(R,1)=Bz:
Bx=0;By=0;Bz=0;
Pr=Pr+0.001;
end% R
Pr=-0.200;
end

v
datestr(now)

figure

X=-0.200:0.001:Rcore+0.190;

plot(X'*1000,Bxx(:,1)*10000, k")

hold on

plot(X’*1000,Bxx(:,2)¥10000, k--")
plot(X'*1000,Bxx(:,3)*10000, k:")

title({'B_x (Gauss) vs. radial displacement (mm)’;’(various axial displacements)’})
xlabel('Distance from centerline (mm)’)

yvlabel('B_x field strength (Gauss)’)

yvtickformat('%.11")

x1im([-200 200])

xticks(-200 -160 -120 -80 -40 0 40 80 120 160 200])

y1im([-4.0 4.0])

legend('10mm above top turn’,’20’,’30’, Location’, northeast’)
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g8 grid on

g figure

90 plot(X’'*1000,Bzz(:,1)*10000, k")

o1 hold on

92 plot(X’*1000,Bzz(:,2)*10000, k--")

93 plot(X'*1000,Bzz(;,3)*10000, k:")

a title({’'B_z (Gauss) vs. radial displacement (mm)’;’(various axial displacements)’})
o xlabel('Distance from centerline (mm)’);

o ylabel(B_z field strength(Gauss)’);

o7 ytickformat('%.11")

o8 x11m([-200 200])

99 xticks([-200 -160 -120 -80 -40 0 40 80 120 160 200])

100 ylim([-1.0 8.0])

101 legend("10mm above top turn’,’20°,’30°,'Location’, northeast’)
102 grid on
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Appendix B
Matlab Code for Elliptic

1 % ’// Generalized subroutine to calculate the components of the magnetic field at

2 % '// stepped 1mm planar points (meshgrid) above a cylindrical air/iron-core solenoid.
3 % '// Equations from:

4 %’/ http://nbviewer.jupyter.org/github/tiggerntatie/emagnet-
py/blob/master/offaxis/off_axis_loop.ipynb

% '/ and [27]

% '// from https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20010038494.pdf

% ’// Nturns = number of turns of wire in each layer

% '// N_radial_layers = number of layers of wire in the winding

% '/l 1 = current flow, in amperes

10 % ’'// a_0 = inner radius of the winding, in meters

11 % ’'// Heoil = height of winding, in meters

12 % ’// *** Note that Dwire, the diameter of the wire, 1s calculated from Hcoil / Nturns ***
18 % '// mu_0 = permeability of the medium, in T/Am

12 % ’// Bx, Bz = components of the magnetic field at vector P, in Tesla

© oo =N o o

15 clear

16 cle

7 mu_0=4*p1*le-7;% [H/m]

18 1=0.0624,% [A]

19a_0=0.0104+0.000349/2;% innermost current loop radius [m]

20 N_radial_layers = 16;% number of radial layers

21 N_turns = 287;% number of longitudinal loops

22 Hco1l=0.000349*N_turns;% coil height [m]

23 d = Heo1l/N_turns; % #28 gauge enameled copper wire diameter including insulation [m]

2 Bx_total =0; Bz_total = 0;% initialize incrementals Bx_total, Br_total
%

26 count=0;

27 v=datestr(now);
28

29 [r,z}=meshgrid(linspace(-.200,.200,401),linspace(.010,.030,3));
30 y=0;

31 RHO=(r."2+y."2).70.5;

32 GAMMA=r"2-y."2;

33 C=mu_0*I/p1;
34

5 for x = 1:N_turns

% z_new=z+(x-1)*d;

37 R=(r"2+y."2+z_new."2)."0.5;

33 for a = 1:N_radial_layers

39 A=a_0+(a-1)*d;

) ALPHA=(A"2+R."2-2*A*RHO).”0.5;
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41
42
43
44
45
46
47
48
49
50
51

BETA=(A"24+R."2+2*A*RHO)."0.5;

k=(1-ALPHA."2./BETA.”2).70.5;

[K.E]= ellipke(k."2);

Bx=((C*r.*z_new)./(2*ALPHA."2 *BETA *RHO."2)). *((A"2+R."2). *E-ALPHA."2.*K),
Bz=(C./2*ALPHA."2.*BETA)).*((A"2-R."2). *E+ALPHA "2 *K);

Bx_total = Bx_total+Bx;

Bz_total = Bz_total+Bz;

end

Bxx = Bx_total;%.*ICx; Bzz = Bz_total *ICz;
Bzz =Bz_total;

52 Bxx(1snan(Bxx))=0;

53V

54 datestr(now)

55

56 figure

57 plot(-200:1:200,Bxx(1,:)*10000, k")

53 hold on

59 plot(-200:1:200,Bxx(2,:)*10000, k--")

60 plot(-200:1:200,Bxx(3,:)*10000, k:")

61 xlabel('Distance from centerline (mm)’)

62 vlabel(B_x field strength (Gauss)’)

63 ytickformat('%.1f")

64 x11m([-200 200])

o5 xticks([-200 -160 -120 -80 -40 0 40 80 120 160 200])

s ylim([-4.0 4.0])

o7 title({'B_x (Gauss) vs. radial displacement (mm)’;’ (various axial displacements)’})
68 legend('10 mm above top turn’,’20’,’30’,'Location’, northeast’)
69 grid on

70

71 figure

72 plot(-200:1:200,Bzz(1,:)*10000, k")

73 hold on

74 plot(-200:1:200,Bzz(2,:)*10000, k--")

75 plot(-200:1:200,Bzz(3,:)*10000, k:")

76 xlabel('Distance from centerline (mm)’)

77 ylabel(B_z field strength (Gauss)’)

78 ytickformat('%.11")

79 x1im([-200 200])

80 xticks([-200 -160 -120 -80 -40 0 40 80 120 160 200])

81 ylim([-1.0 8.0])

g2 title({'B_z (Gauss) vs. radial displacement (mm)’; (various axial displacements)’})
83 legend("10 mm above top turn’,’20°,’30’,'Location’, northeast’)
84 grid on
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Appendix C

Matlab Code for Force

1
2
3
4

% '// Generalized subroutine to calculate the components of the magnetic field at

% /] stepped 1mm planar points (meshgrid) above a cylindrical air/iron-core solenoid.
% ’'// Equations from:

% '// http://mbviewer. jupyter.org/github/tiggerntatie/emagnet-

py/blob/master/offaxis/off_axis_loop.ipynb

© oo =N o o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
3

=

32
33
34
35

36
37

38

39
40

% '/l and

% 1] [27]

% '// from https://ntrs.nasa.gov/archive/nasa/casintrs.nasa.gov/20010038494.pdf
% 1/

% ’// Also the gradient equation partials and magnetization are used to

% '// evaluate the electromagnetic force components developed on a 1mm
% ’// diameter particle for comparison to COMSOL modelling

% 1/

% ’// Nturns = number of turns of wire in each layer

% '// N_radial_layers = number of layers of wire in the winding

% /! 1 = current flow, in amperes

% '/l a_0 = inner radius of the winding, in meters

% ’// Heoil = height of winding, in meters

% ’// *** Note that Dwire, the diameter of the wire, 1s calculated from Hcoil / Nturns ***
% '// mu_0 = permeability of the medium, in T/Am

% ’// Bx, Bz = components of the magnetic field at vector P, in Tesla
clear

cle

mu_0=4*p1*1le-7;% [H/m]

IC = 1;%iron core factor for B magnification

ICx=1;

ICz=1,;

1=0.0624;% [A]

a_0=0.0104+0.000349/2;% innermost current loop radius [m]
N_radial_layers = 16;% number of radial layers

N_turns = 287;% number of longitudinal loops
Hco11=0.000349*N_turns;% coil height [m]

d =Hcoil/N_tumns;% #28 gauge enameled copper wire diameter including insulation [m]
Bx_total = 0; Bz_total = 0;% initialize incrementals Bx_total, Br_total
dBxdx_total=0; dBxdy_total=0; dBxdz_total=0;

dBydx_total=0; dBydy_total=0; dBydz_total=0;

dBzdx_total=0; dBzdy_total=0; dBzdz_total=0;

count=0;
v=datestr(now);
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41 [r,z}=meshgrid(linspace(-.200,.200,401),linspace(.010,.030,3));
2 yv=0;

13 RHO=(r"2+y."2).70.5;

1 GAMMA=r."2-y."2;

45 C=mu_0*I/p1;
4%

g forx=1:N_turns

48 z_new=z+(x-1)*d;

49 R=(r."2+y."24+z_new."2).70.5;

50 for a = 1:N_radial_layers

51 A=a_0+(a-1)*d;

52 ALPHA=(A"24+R."2-2*A*RHO)."0.5;

53 BETA=(A"2+R."2+2*A*RHO).”0.5;

54 k=(1-ALPHA."2./BETA.”2).70.5;

55 [K.E]= ellipke(k."2);

56 Bx=((C*r.*z_new)./(2*ALPHA."2 *BET A *RHO."2)). *((A"24+R."2) *E-ALPHA."2.*K);
57 Bz=(C./(2*ALPHA."2.*BETA)).*((A"2-R."2). *E+ALPHA."2.*K);
58 % Gradients

59 dBxdx=((C*z_new)./(2*ALPHA."4 *BETA."3.*RHO."4)). *((A"4*(-

GAMMA *(3*z_new."24+A"2)+RHO."2.#(8*1."2-y"2))-A"2*(RHO. 4. *(5*1."2+y"2)-
2*RHO."2.*z_new."2.*(2*1r."2+y"2)+3*z_new."4. *GAMMA)-

R.AA*2*r " A+GAMMA *(y™2+z_new."2))) *E+(A"2*(GAMMA *(A"2+2*z_new."2)-RHO."2.*(3*1."2-
2Ry OAR2.F (2 MA+GAMMA * (v 2+2z_new."2))). *ALPHA."2.*K);

60 dBxdy=((C*r.*z_new*y)./C*ALPHA."4 *BETA."3.*RHO."4)).*((3* A"4*(3*RHO."2-
2%z_new."2)-R4.*(2*R."2+RHO."2)-2* A"6-2*A"2*(2*RHO. 4-

RHO."2.*z_new."2+3*z_new."4)). *E+R."2.*(2*R."2+RHO."2)-A"2*(5*RHO."2-
4%z_new."2)+2*A™4) *ALPHA."2.*K);

61 dBxdz=((C*r)./2*ALPHA."4 *BETA."3.*RHO."2)).*((RHO."2-

A™2) "2 *RHO.Z2+HA2)+2%z_new."2.%(A™-6*A"2*RHO."2+RHO."4)+2z_new." 4. *(A"2+RHO."2)) . *E-
(RHO."2-A2)."24+2z_new."2.*(RHO."2+A2)). * ALPHA."2.*K);

62 dBydx=dBxdy;
63

dBydy=((C*z_new)./(2*ALPHA."4 *BETA."3.*RHO."4)). *(A"4*(GAMMA.*(3*z_new."2+A"2)+RHO."2.
*(8*y"2-1."2)-A2*(RHO. 4. *(5%y"2+41.72)-2*RHO."2.*2_new. 2. *(2*y"2+1."2)-3*z_new."4. *GAMMA)-
R.AA*2*y"4-GAMMA *(r."24+z_new."2))). *E+HA 2*(-GAMMA *(A"24+2*%z_new."2)-RHO."2.*(3*y"2-

2% O)AR.2.*(2*y " 4-GAMMA *(r."2+z_new."2))). *ALPHA."2.*K);

64 dBydz=(y./x).*dBxdz;

65 dBzdx=dBxdz;

66 dBzdy=dBydz;

67 dBzdz=((C*z_new)./2*ALPHA."4 *BETA."3)). *(6*A"2*(RHO."2-z_new."2)-
T*AM+R ) *)E+ALPHA "2 *(A"2-R."2).*K);

68 Bx_total = Bx_total+Bx;

69 Bz_total = Bz_total+Bz;

70 dBxdx_total=dBxdx_total+dBxdx;

71 dBxdy_total=dBxdy_total+dBxdy;

72



) dBxdz_total=dBxdz_total+dBxdz;

73 dBydx_total=dBydx_total+dBydx;
74 dBydy_total=dBydy_total+dBydy;
75 dBydz_total=dBydz_total+dBydz;
76 dBzdx_total=dBzdx_total+dBzdx;
77 dBzdy_total=dBzdy_total+dBzdy;
78 dBzdz_total=dBzdz_total+dBzdz;

79 end

g0 end

g1 Bxx=Bx_total;%.*ICx; Bzz = Bz_total *ICz;

g2 Bzz=DBz_total;
83

& Fx=dBzdx_total *ICx;
g5 Fz=dBzdz_total *ICz;
g5 Gx=dBxdx_total *ICx;

g7 Gz=dBxdz_total . *ICz;
88

89 Bxx(1snan(Bxx))=0;
%0

91 V

%2 datestr(now)
%3

o Mx=ICx*(1/mu_0-1/(4000*mu_0)).*Bxx;% Magnetization x
o5 Mz=ICz*(1/mu_0-1/(4000*mu_0)).*Bzz;% Magnetization z

9%
o7 Force_contr_x=Mx.*Gx+Mz.*Gz);

9 Force_contr_x(isnan(Force_contr_x))=0;

99 Force_contr_z=Mx.*Fx+Mz.*Fz);

100 Diameter =[0.000125 0.0005 0.0010 0.0015 0.002];

101 Volume = 4/3*p1.*(Diameter./2)."3;

102 Force_x=Force_contr_x*Volume(1,1);

108 Force_z=Force_contr_z*Volume(1,1);

wsfor1=2:5

105 Force_x=cat(3,Force_x,Force_contr_x*Volume(1,1));
18 Force_z=cat(3,Force_z,Force_contr_z*Volume(l,1));

107 end
108

100 X=Force_x(:,:,3);
110 Z=Force_z(:,:,3);

111

112 figure

113 plot(r(1,:)*1000,Force_x(1,:,3),’k")

114 hold on

115 plot(r(1,:)*1000,Force_x(2,:,3), k--")

116 plot(r(1,:)*1000,Force_x(3,:,3),’k:")

117 xlabel('Distance from centerline (mm)”)
118 ylabel(CF_x (N)")
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119 ytickformat('%.11")

120 x11m([-200 200])

121 xticks([-200 -160 -120 -80 -40 0 40 80 120 160 200])

122 y1im([-6.0e-9 6.0e-9))

123 title({'Force x-comp (N) vs. radial displacement (mm)’; (various axial displacements)’})
124 legend('10 mm above top turn’,’20’,’30°,'Location’, northeast’)

125 grid on
126

127 figure

128 plot(r(1,:)*1000,Force_z(1,:,3),’k")

129 hold on

130 plot(r(1,:)*1000,Force_z(2,:,3), k--")

131 plot(r(1,:)*1000,Force_z(3,:,3),’k:")

132 xlabel('Distance from centerline (mm)’)

133 ylabel(CF_z (N)")

134 ytickformat('%.11")

135 x11m([-200 200])

136 xticks([-200 -160 -120 -80 -40 0 40 80 120 160 200])

137 y1im([-20.0e-9 0.0e-9])

138 aX = gCa;

139 ax. Y Axis.Exponent = -9;

140 yticks([-20e-9 -18e-9 -16e-9 -14e-9 -12e-9 -10e-9 -8¢-9 -6e-9 -4e-9 -2e-9 0e-9))
141 title({'Force z-comp (N) vs. radial displacement (mm)’;’ (various axial displacements)’})
142 legend('10 mm above top turn’,’20’,’30",'Location’, northeast’)

143 grid on

NOTE: lines 94 and 95 in the above assume B is that produced by the magnetic construct and not the
iron particle (Bsar). In [28] the equations involve a magnet as the source of B as opposed to Bex: used
in the remainder of (4.17). This can be attributed to the variation between analytical and simulation
(FEA) results, and the FEA results were taken to govern.

Regarding the above code, if ICx and ICz in lines 25 and 26 are held at 1 the force plots are then
comparable to those of the COMSOL simulation within about 20 percent. The discrepancy between
the B field results of Figure 4.10 and Figure 4.11 is in a similar range. This is for air core.

For iron core, regarding the above code, if ICx and ICz in lines 25 and 26 are given as 10 instead of 1,
the force plots are then comparable to those of the COMSOL simulation, once lines 122, 137, and 140
have their data multiplied by 10*10, or 100, in the Matlab code, above. The B field here is also
approximately 10 times that of the air core.
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Appendix D
Matlab Code and Function for Trajectory
1 clear;cle;datestr(now)

2 timestep = 0.011;timerange = O:timestep/110:timestep;% time interval in seconds for given particle
and magnet configuration at speed of 2m/s

angle = 0;% angle of powder stream in radians/degrees from vertical

% particle initial conditions (x and z)

% initialvalues =[x vx z vz]

forq=1:10

initialvalues =[0.001*q 2*sin(angle) 0.02 -2*cos(angle)];% initial x and z values in m and m/s

© o N o oA~ W

10 [t,xl=oded5(@f_old,timerange,initialvalues);
11 new_x(;,;,q) = x;% new position/velocity matrix (to be updated each x-position change)
12 end

11 figure

15 plottnew_x(;,1,1)*1000,new_x(:,3,1)*1000,c")

16 ylabel('z-position (mm) from PM top’)

17 xlabel(x-position (mm) from PM axis’)

18 axis([0 10 0 20])

19 grid on

20 hold on

21 plot(new_x(;,1,2)*1000,new_x(:,3,2)*1000,r")

2 plothew_x(:,1,3)*1000,new_x(:,3,3)*1000,b")

23 plot(new_x(;,1,4)*1000,new_x(;,3,4)*1000, m’)

24 plottnew_x(;,1,5)*1000,new_x(:,3,5)*1000,'¢")

25 plottnew_x(;,1,6)*1000,new_x(;,3,6)*1000, c")

2 plotnew_x(;,1,7)*1000,new_x(:,3,7)*1000, ")

27 plottnew_x(;,1,8)*1000,new_x(:,3,8)*1000,'b")

28 plot(new_x(;,1,9)*1000,new_x(:,3,9)*1000, m’)

29 plot(new_x(:;,1,10)*1000,new_x(:,3,10)*1000,’g")

legend(x 0=1,x 0=2",x 0=3,x 0=4",x 0=5x 0=6,x 0=7,x 0=8,x 0=9,x 0=
10’ Location’, northeast”)

31 title('Particle position relative to PM axis, top of coil, D_p = 0.125mm")

w
S
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% change Dp to 0.001 for Imm diameter particle, 0.0015 for 1.5mm,...:
% Dp = 0.001;%particle diameter in m
Dp = 0.000125;%particle diameter in m

Cd =0.44;% drag coefficient

rho_arg = 1.6339;% density of argon at 25 C and 14.696 psia in kg/m”"3
rho_iron = 7800;% density of iron (assumed) [kg/m"3]

10 M =4/3*p1*(Dp/2)"3*rho_iron;% mass of iron particle in kg

1 D =p1/8*Cd*rho_arg*Dp"2;% drag contribution of velocity

12 g =9.80;% gravity acceleration [m/s"2]

13 loadCFxFzlmm_PM_linch_square_dimpled_10_4")

14
15 Fx =Fx*1e-6;

16 Fz=Fz*le-6;

1w X=127,2Z=1:20,%

18 ff=interp2(X,Z,Fx,x(1)*1000+14,x(3)*1000);
19 gg=interp2(X,Z,Fz,x(1)*1000+14,x(3)*1000);
20 dx(1) = x(2);

21 dx(2) = -D/M*s1gn(x(2)).*x(2)."2+1/M*{f;

22 dx(3) = x(4);

23 dx(4) = D/IM*x(4)."2+1/M*gg-g

24 1k = [dx(1);dx(2);dx(3);dx(4)]

© o N\ e U A W D

NOTE: In line 13 of the above a special file structure of the loaded file is required and this impacts
lines 17, 18 and 19.
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Appendix E
Magnetic Field Gradients

The following equations and figure presented from [27] describe the magnetic field gradient with

respect to the circular current loop of Figure 4.12. Superposition was used in their application to

approximate the force on an iron particle from an air core solenoid in Matlab. The same simple

substitutions from subsection 4.3.2 are used. They also make use of complete elliptic integrals of the

first and second kind.

Spatial Derivatives of the Magnetic Field Components:

9B, C
9 = 2a4;3p4 {[a*(—y(3z? + a?) + p?(8x% — y?))
— a?(p*(5x2 + y?) — 2p%2%2(2x% + y?) + 3z%y)
—r*(2x* +y(y? + 2%))|E(k?)
+ [a?(y(a® + 222) — p?(3x? — 2y?))
+12(2x* +y(y? + z%)]|a?K (k?)}

0B Cxyz
6; = St {[3a*(3p? — 2z%) —r*(2r? + p?) — 2a®
—2a?(2p* — p2z% + 3zY)]E(k?)
+ [r2(2r% + p?) — a?(5p% — 42?) + 2a*]a?K (k?)}

0B Cx
57 = 2aigipr U7 — a0 +a%) +227(a" — 6a%p* + )

+2z*(a® + pDIEK?) — [(p? — a®)? + 22 (p? + a®)]K (k?)}

9By _ 9B
dx dy

0B C
6; = 2a4;3p4{[a4(y(322 +a?) + p?(8y? — x?))
— a*(p*(5y* + x?) — 2p*z*(2y* + x*) — 3z%y)
—r*(2y* —y(x? + z2))|E(k?)
+ [a?(—y(a® + 22%) — p?>(3y? — 2x?))
+72(2y* —y(x? + z%))|a?K (k?)}
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9By _ 795

R A 7.6
dz x 0z (7.0)
0B, _ 0By (7.7)

d0x 0z

0B, 0B,
== 7.8
dy 0z (7.8)

0B C

aZZ = T“Zﬂ?){[6a2(p2 —2z%) — 7a* + r*]E(k?) + a?[a® — r*]1K (k%)} (7.9)

Variables in the above are as explained in subsection 4.3.2.

To further simplify, the above nine derivatives can be reduced to seven when y is set equal to zero.
Also the magnetic field y component will be zero reducing this set to four (My=0) when y is set equal
to zero for planar x-z analysis.
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Appendix F

Proposed Experimental Studies

Although some experimental efforts were carried out, their results were inconclusive due to lack of
processing capabilities and disproved methodologies. In their place, the following is provided as a

description of proposed study.

A proof of concept proposal is first presented, then Main 1 and Main 2 (no laser) describe proposed

methods for future experiments.

Proof of Concept

A proof of concept method was proposed involving the introduction of a 10mm diameter, 10mm
height N42 permanent magnet to an AM ferromagnetic powder stream path. Still photographs of the
powder stream without and with the magnet present would be compared to verify a change in shape
(intensity) of the stream in the vicinity of the area above the magnet. This would act as a strong
positive to authenticate the experimental viability and justify more intensive efforts. If no change was
immediately discernable with the 10mm N42 then stronger magnets, or magnets of more bulk, could

be simulated and then experimentally attempted, to provide verification.

Main 1 is presented, next.

Main 1

Here, an apparatus is proposed to simulate powder stream deposition on the substrate. It is presented

in Figure F. 1 and its use is described as follows.

Item 3 of Figure F. 1 secures the right assembly of Figure F. 1 to a CNC apparatus

e A permanent magnet seats on the bolt on the lower left of the right assembly, vertically

beneath the stationary powder stream (the right assembly is stationary)

e Item 7 clamps in a 3-jaw chuck of the CNC which provides the translational motion of

Item 11, the substrate

e Alignment to preserve linear powder deposition is set before the deposition proceeds
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Still photographs of the powder stream without, and with a PM present on the magnet seat are
proposed to verify the shape change (intensity) of the stream in the vicinity of the area above the

magnet.

The one inch dimpled cube of Figure 5.7 with laser operation, and without, is described, next.

One inch dimpled cube of Fiqure 5.7 with laser

Use of the laser is proposed here to carry out an actual additive run. With the one inch cube N52 PM
beneath the substrate, an approximate 700W laser energy beam would create the clad from content of
the powder stream. Multiple clad paths for each substrate blank would have the substrate alternately
clad and weighed and compared to a second substrate blank that was clad without the presence of the
magnet beneath.

Weight results obtained here could then be used to comparatively determine the catchment
efficiency as a relative percentage improvement (substrate without magnet present and with magnet
present). Photographic evidence of the stream shape change would not be practical because of the use
of the laser, here, as well as the additional complication of an angled powder stream.

One inch dimpled cube of Figure 5.7, no laser

Here, a completely vertical powder stream is proposed with completely unobscured visibility of the
powder stream. This would allow still photographs to verify shape change of the stream in the vicinity
of the area above the magnet. Foreseen difficulties with magnetic drag of the deposited particles

represents a complication which would need to be overcome.

Main 2 is presented, next.

Main 2 (no laser)

Main 2 (no laser) involves a proposal of the bulleted process outlined in Main 1 and the description of
the above subsection, “One inch dimpled cube of Figure 5.7, no laser,” using the PM configurations

suggested in the closing of section 6.3. These configurations are again listed, below.
2. a10mm diameter by 10mm height PM with a 4mm diameter by 1.5mm height PM atop,

3. a 25.4mm diameter PM, of 19.05mm height, with a 2mm diameter by 4mm height PM

atop, and

4. a 25.4mm diameter PM, of 19.05mm height, with a 4mm diameter by 1.5mm height PM

atop.
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Glossary

Additive manufacturing (AM) is the process by which an object is built with the use of stratified,
layer-by-layer construction, controlled via computer software (iii, 1, 2, 3, 5, 6, 7, 9, 11, 12, 15, 16,
23, 48, 49, 57, and 58)

Catchment efficiency is the ability of a process to have a significant portion of a powder or particle
stream introduced to the melt zone, or active build zone in additive manufacturing (iii, 1, 2, 3, 5-
10, 12, 13, 15, 57, 77).

Clad area is the area in section of the melt pool solidification which is not part of the substrate
(7, 8,9, and 12).

Drag force is the aerodynamic drag on a particle in motion in a fluid (15, 21, and 23).

Eddy current is the magnetic field developed in opposition to an existing field producing a
confluence, or eddy that can introduce spin to a rotationally static particle with this opposition
creating a deflecting motion (10, 11).

Electromagnetic (field) is the complimentary union of an electric and magnetic field created when

an electric source is present to create the magnetic field (iii, 9).

(Electro) magnetic field gradient is described by nine directional derivatives of the
magnetic field. It is the rate of change of the magnetic field (from a coil or permanent magnet) in a
given direction (4, 24, 37, 39, and 73).

Electromagnetic (force) is the force generated on a ferromagnetic particle when it is in the
presence of an electric field (1, 39, 43, 44, 45, 46, 47, 48, 49, 53, 54, and 60).

Complete elliptic integrals are elliptic integrals with an amplitude of % and their full

mathematical description is available in the literature. The first and second kind are used within (4,
13, 24, 29, 30, 32, 33, 34, 38, 39, 57, and 73).

Ferromagnetic particle any particle with a large positive susceptibility to an external
magnetic field (iii, 1, 4, 5, 6, 9, 12, 18, 19, 37, 47, 57).

Helmholtz coil is a twin coil device which can produce a nearly uniform magnetic field between the

same-axis coils which is capable of canceling external magnetic fields (12).
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Magnetic field is herein considered to be the field that can be present when an electric field is

present or when a magnet source such as a permanent magnet is present (several).

Magnetic dipole is deemed to be a pair of poles which in the limit of their size reduction result
in a singularity (37).

Magnetic levitation  is the occurrence when an object is magnetically levitated or magnetically
suspended without support save the magnetic field (11, 12, 15).

Melt pool is used to describe the region of an additive manufacturing build zone which is in a
liquid state (iii, 1, 2, 6, 9, 12, 15, 48, 55, 57, 58).

Neodymium is herein use to designate the class of rare earth magnets, the most powerful currently

available (45).

Shielding gas is the application of the gas used to protect the additive manufacturing build zone
during local laser activity to protect the melt zone from oxidation or development of other

impurities (5, 16).

Solenoid is the term used to describe the coil (air or iron core), or inductor (air core) of AWG
type used (iii, 1, 2, 4, 6, 13, 24, 26, 29, 31, 35, 38, 40, 43, 57, 58, 73).

Substrate is the term used to describe the base upon which the additive process proceeds, or
describe the substance which is acted on (1, 2, 6, 8, 10, 16, 17, 18, 19, 55, 59, 60, 75, 77).

Subtractive manufacturing  is any process where a usable part is worked or machined from a
solid block of material, or blank (1, 5).
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