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Abstract

Advanced soft-magnetic particles are of paramount importance for the development of
power converter components, particularly powder core inductors. These components play a
crucial role in achieving sustainable development goals in the context of digital devices, electric
machines, and renewable power generators. Incorporating advanced soft-magnetic particles as
secondary materials offers significant improvements in the magnetic characteristics of powder
core inductors, providing advantages for machine design. This dissertation presents a
comprehensive investigation into the synthesis of submicron-sized spherical iron nickel (FeNi)
and silica-coated iron nickel (FeNi@SiO») particles via the aerosol process, with the aim of
utilizing them as secondary materials in powder core inductors. The research encompasses the
exploration of various experimental parameters and equipment designs to evaluate the
effectiveness of FeNi@SiO; particles for powder core inductors. Additionally, computational
fluid dynamics (CFD) simulations are employed to gain a better understanding of the plausible
mechanisms involved in particle formation. Each chapter of this dissertation is briefly described
below.

Chapter 1 over-viewed the powder core inductor, fundamental magnetic
characterization, recent studies in improving the magnetic characteristic of a powder core
inductor, strategies in synthesizing FeNi and FeNi@SiO; particles, and a numerical approach
based on computational fluid dynamic (CFD). This summary and problem statements lead to the
motivation of the research covered within the scope of this dissertation.

Chapter 2 focuses on the synthesis of FeNi particles through spray pyrolysis, specifically
addressing the challenge of using alternative reduction agents due to safety concerns associated
with using 100% H> gas. The effects of different reduction agents, such as ethanol, ethylene
glycol, and formic acid, and their concentrations in the precursor solution are investigated.
Ethanol and ethylene glycol, at a concentration of 25 vol%, successfully yield spherical and
submicron-sized FeNi particles with dense and hollow structures, respectively. Conversely, the
use of formic acid results in the formation of segregated particles comprising FeNi and FeO
phases. To explain the plausible mechanisms of FeNi particle synthesis using different reduction
agents, CFD simulations are performed to examine temperature profiles and the formation of H>
and H>O gases in the spray pyrolysis reactor. It is concluded that the FeNi particle’s formation

occurred in two stages which were droplet evaporation and chemical reaction as well as reduction.
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The concentration of H> and H>O gases derived from different reduction agents influences the
resulting structure of FeNi particles, with ethanol emerging as the preferred reduction agent.

The use of ethanol in synthesizing FeNi particles presents a challenge in forming some
hollow particles, which can limit the performance of inductors due to their low density. Chapter
3 discusses strategies to control the structure and density of FeNi particles, transforming them
from hollow (low density) to dense (high density), by manipulating reactor temperature from
1200 to 1400 °C and carrier gas flow rate from 5 to 1.3 L/min. It is pointed that the temperatures
above 1200 °C can promote the alteration of structures from hollow to dense, but it leads to the
formation of undesired carbon nanoparticles. Therefore, the effect of carrier gas flow rates is
investigated at 1200 °C. Decreasing the carrier gas flow rate prolongs particle residence time in
the reactor, facilitating densification and reducing the formation of hollow particles.
Consequently, the density of FeNi particles is significantly improved. Furthermore, magnetic
characterization reveals that the synthesized FeNi particles exhibit the highest saturated
magnetization value among other synthesis methods, which reach the theoretical value. In terms
of inductor applications, FeNi particles with denser structures and higher densities offer
improved DC bias characteristic of the inductor.

Chapter 4 is focused to the synthesis of FeNi@SiO> particles in a one-step process via
spray pyrolysis, aiming a powder core with high DC bias characteristic and low energy loss. The
strategy involves introducing the silica source to the intermediate product of FeNi aerosol. A
preheater system is implemented to transform FeNi precursor droplets into their intermediate
product. Hexamethyldisiloxane (HMDSO) is used as the silica source, and three types of
developed connectors (T-shaped, Swirler-3, and Swirler-6) are compared. Based on the structure
and morphology of particles obtained with different connector types, Swirler-6 is identified as
the optimal choice, offering the highest coating ratio and the lowest generation of undesired
nanoparticles. A CFD simulation is performed to assess the mixing performance between FeNi
droplets and HMDSO vapor in the reactor, providing insight into the favorable distribution of
FeNi droplets and HMDSO vapor until the end of the reactor, which promotes heterogeneous
nucleation. The synthesized FeNi@SiO: particles are then compared with the synthesized FeNi
particles in terms of inductor performance. The FeNi@SiO; particles not only enhance the DC
bias characteristic (high saturation current) of the inductor but also reduce energy losses (core
loss) between interparticles within the inductor.

Chapter 5 contains the summary of all chapters and directions for the future work.




Table of Content

ABSTRACT ..ciiiiiiiiiiiiissssnnnnnnnteeetttetesisisssssssssssssnnssssssssessssssssssssssssssssnsssesssssssesssssssssssssssssnnnnsessssssssssssssssssssssssnnnn |
TABLE OF CONTENT ...cciiiieiiisnnnnneeeeeteeeiesisssssssssssssssnnssssssssssssssssssssssssssssnnnsssssssssssssssssssssssssssnnnnsssssssssssssssssssss n
LIST OF TABLES .....cceeiiiiiiiiiiiiiiiisiissnnnnneeeeetteniesiissssssssssssssnnssssssssssssssssssssssssssssssnnsssssssssssssssssssssssssssssnnnnssssasanaes Y
LIST OF FIGURES .....cciiiiiiiiiiiiiiiisinnnnnnneeeesneeiessisssssssssssssssnssssssssssssssssssssssssssssssnsssssssssssssssssssssssssssssnnnnnssssssanaes \'|
CHAPTER L...cceiiiiieeeneneeteeeiitieiiiiscssesssssssnnssesessssassssssssssssssssssnsnssessssssssssssssssssssssnsnnsssessssssssssssssssssssssnnnnnnnsananans 1
INTRODUCTION ....ceiiiiiiiiiiiiiiieiisssssssnnssssseessessessssssssssssssssssssssssssssssssssssssssssssssssssnssssssssessssssssssssssssssssnnnnsnssasanses 1
11 POWER INDUCTOR. ...t tteeteeaiiittttee e e e e sttt et e e e e e et be et e e e e e e saaanab et e e eeeeaaaaanbebteeaeeesansasaeeeeeeeaaaannsaneeaeesesaannnnneen 1
1.2 POWDER CORE INDUCTOR AND ITS MAGNETIC CHARACTERISTICS «..vvtttteeeeeaunrerereeesesaiareeeeeesesesnnseeeeesesessannnnees 2
1.2.1 1Y Lo Lo Ta L= P40 1 o] ¢ OO OO N 3
1.2.2  HYSEEIESIS JOOD oottt e e ettt e e ettt e e e et e e ettt s e e et e s e e atsaaeestssaaeetseaeeetsasenssnes 4
1.2.3  PEIMEADIITY ....eeeeeeeeeeeeeeee ettt e et e e ettt e e e et e e et e e e ettt e e e ettt e e e et e e e et aaeeetraaeernras 8
1.2.4  DC DiQS CAGIACLEIISTICS. .....oocceeeeeeeeeeeeee e eeeee ettt e e e etee e ettt e e et tta e e et e e eeasaaeestsaaaeatseseeasssaesssees 8
1.2.5  POWAEE COB IOSS.....uuueaeeeeeeeeeeeee ettt e et ettt e e ettt e e ettt e e ettt s s e e tsaa e e s sssaessasaaaeaassesensasees 10
1.2.6  POWAEK COIE MALEIIQIS. .....c....veeeeeee ettt e et e e ettt e e ettt e e e e ettas e e e asaaessasaaaeetsaseeassees 11
13 THE ADVANCEMENT OF THE POWDER CORES. . eeuuutttteeeaeeesauteeeeeeeessaaaunteseeeaesesaansssseeseessaasnsseneeesssasaanssnnees 14
1.3.1  Reducing the particle size Of the POWEI COTe...............uueeivueeeeeieeeeieeeeeeieeeeiieeeeseeeeeereeeeeneas 14
1.3.2  Incorporating SecoNdary MALEIIQl..............cccueeeeceueeeeeiieeeeeeieeeeieeeeteeeeeeteeeeeiaa e e e sreaeesetseaeesasees 15
1.3.3  Adding insulating materials betWeen PArtiCles ..............ceeceueeeeevueeeeiiieeeeeieeeeeiieeeeteeeeeeaee e e 18
1.4 SYNTHESIS OF FENI AND FENI@ SIO2 PARTICLES .evuuniivuieiitieietteeestieettieeessneessstesssneesssneeesssnsessssesssnseessnnns 18
1.4.1  Solid phase method for synthesizing FENi PAITICIES ...........c..ueeeeeeeeeeiiieeeeieeeeeieee e eeevee e 20
1.4.2  Liquid phase method for synthesizing FENi PArtiCles................ccoouueeeeeeeeeccieeeeeiireeeiiieeeecveeeeenen 21
1.4.3  Gas phase method for synthesizing FENi PArtiCles ...............ooccveeeecieeeeeeieeeeeiieeeecieeeeecveeeeenen 22
1.4.4  Synthesizing FENI@SiO3 PAITICIES ...........oeeeeueeeeeeeeeee et eeetee et e e e etee e e et e e e sreaeeeeraaeesases 24
15 STUDY OF SILICA COATED PARTICLES IN GAS PHASE METHOD....cetteeeeeiauunrreeeeeseaaaunreeeeeeesesaannnseeeeesssasnnnseeeeeesens 25
1.5.1  Synthesis of silica-coated particles by using hot wall reactor ..............c.ccccueeeeeceveeesiieeeecieaeennen 27
1.4.0.1 NON-PrEMIXEA PrECUISOIS. c.uueeeuieereereeeriteesseesseesseesseesseeesseesseesseesssessseesssesssesssesesseessesssseesseesseesnseesseessessssessses 27
O A = =Y 41T o Y oL Yo PSR 30
1.5.2  Synthesis of silica-coated particles by using photoinduced assisted hot wall reactor.................. 32
1.5.3  Synthesis of silica-coated particles by using plasma microwave irradiation................................ 33
1.5.4  Synthesis of silica-coated particles by using flame reactor ...............coceeecveeeeecceeeesieeeeeeieeeeennn, 36
1.6 CHALLENGES IN SYNTHESIZING FENI AND FENI@SIO; PARTICLES VIA GAS PHASE METHOD FOR POWDER CORE INDUCTOR

37
1.6.1  One-step synthesis of submicron-sized FeNi and FeNi@SiO; particles...............cccccovueeeeevvveeannen. 37
1.6.2  Computational Fluid Dynamic for silica-coated particles synthesized via the aerosol route........ 38
1.7 OBJECTIVE AND OUTLINE OF THE DISSERTATION .eteteeauuurerereeseasautereeeeeeaesaauunseeesesssasaanseeseeeessssannsssseesesssaannns 39
CHAPTER 2....cciieenneeeeeeettiniessisicsssssssssssnsssssssssesesssssssssssssssssnnnnsssssssesssssssssssssssssssnnnnssssessessessssssssssssssssnnnnnns 42

DIRECT SYNTHESIS OF SUBMICRON FENI PARTICLES VIA SPRAY PYROLYSIS USING VARIOUS REDUCTION
] 0

2.1 INTRODUCTION ..tttttvvtvvttutssasasassssesssssnsssasssaesnsesanenanenensnnnsnsssssasssssssssssesssesesesesesesesasesasssssesssssssssssssssssssanans
2.2 MATERIAL AND METHODS
2.3 RESULTS AND DIsCUSSION
2.3.1  Effect of reduction agent types on the FeNi particle Synthesis.............ccceecvvueeeecveeeeciireeeiirenaen, 46
2.3.2  Proposed mechaniSm Of FENI PAItiCIES. ............cooecueeeeeeieeeeeieiieeeeeeeeeetieeeeceeeeeeteaeesearaeesreaaeeans 54
2.4 CONCLUSION ..t ieeeseaessssssesesesesesesesasasasasasaaasasaeasseaeeeseeeseeesesseseseseessesesssesesesssssssssssssssssssssssesessssssseserene 57
CHAPTER 3....cciiiireneeeneeeeetttteetteeeeessssssssssssssssseeeeseessesssssssssssssssnssssssseesssssessssssssssssssnnnnsssessessessesssssssssssssnnnnnne 58
DC BIAS CHARACTERISTIC ENHANCEMENT OF THE POWDER CORE BY USING DENSIFIED SUBMICRON SIZED
FENI PARTICLES THROUGH SPRAY PYROLYSIS ......cctirrrnnnneeeeeeeeeeeeeeeseesssssssssssssssssssssessessssssssssssssssnnnnsssssssssans 58
3.1 INTRODUCTION 1.tttttvtvutuvutusasssussssesssssnsssasnssenanenanenanenansnnnsnsssssssssssssesssesssesesesesesesesasesasssseesssssassssessssssaaasans 59
3.2 EXPERIMENTAL t1ttetetetettteteteteeeeeeeeeeeeesesesesesesesssssesssessssssssssssssssssssssssssssssssssnsssnsssssnsnnnsnnnsnnnsnsnnnssnsnnnnnnnnns 61
3.2.1  Materials A MELNOd. ..............ooeeeeeeeeeeeee ettt et et e et e e ettt e e e et a e e eassaeearesaeeaes 61
3.2.2  CROIACTEIIZATION ...t e e e ettt e e et e e ettt e e et s e e etasaeesusssaeeasssasesasssaeenssesaeaaes 62
3.3 RESULT AND DISCUSSION .vvvvvuvuvuuuussunnennsnnssssnenenenenenensnsnnnsnsnsssssssssssesssssesesssssssssesssssesasssasssssssssssessssssssaasaes 63
3.3.1  Characteristics Of the FENIi PAITICIES ............cccueeeeeeeeeeeeeeeeeeee et e eetea e e sttt eeescaeaeeeiaseeesreaaeeaes 63
3.3.2  Application of FeNi particles in the pOWAEr COVe ............cecoeroirirceeciesiiniinirinieiecesieireeienenn 68

00 e I N 73




Table of Content

ONE-STEP AEROSOL SYNTHESIS OF SIO, COATED FENI PARTICLES BY USING SWIRLER CONNECTOR-ASSISTED

SPRAY PYROLYSIS ....ceiiiiieieiiiieeeeieeteeensseeseensssesssensssssssenmssssssennsssssseensssssssssnssssssssnnsssssssnnssssssesnsssssssennsssens 73
4.1 INTRODUCTION ..ttttvvvvututurususssussssssssesnsssanssaesanenanenenenensnnnsnsssssssssssssssssesesssesesesesesesasesasssssssssssssassssassasasanans 74
4.2 EXPERIMENTAL SECTION 1vvvuvvvuvuuuuunsssesnsssnnssssnesenenenensnsnsnsssnsnsssssssssssesssesssesssesssssesesssesssssssssssssssasesssssasssanans 76

4.2.1  PQITICIES SYNTRGSIS ...ttt e et e et e e et a e e et e e e st e e e e ttsaaeeatsaaeeasssaseassaaaan 76
4.2.2  Particles CRArACTEIiZATION .............cceecuueeeeeeeeeeeeeeeeeeee e ettt e e et tea e e et eeestaaaeesstsaaeestsaaeeasssaaessssaaas 78
4.2.3 Mixing performance SiMUIALION..................ceceuueeeeiieeeeeeeieeeeeeeeeeeee e e ettt eeesetae e e e saaaeestsaaeesssasessssaaas 79
4.3 RESULTS AND DISCUSSION ..vvvvvvuvuutusstenanssasssnsnsnensnenanensnsnsnnnsnsssssssssssesssssssesssesesesesesasssssssssessssssssesssssssesaanaes 79
5.1 CONCLUSION ..ttt ieeeseaessesssesesesesesesasasasasasasaeaeasaeasasaeaeseeeseeasesseseseseeesesesesesesesesssssssssssssssssssssssesssesssesenene 88

CHAPTER 5. eeeeeiiiitiieceritenneeeeteensseeseenssssessenmssssseesnsssssseenssssssessnsssssssennssssssennssssssesnssssssesnnsssssssennssssnssnnnnns 89

CONCLUSIONS AND FUTURE PERSPECTIVE......ccccuiiiiieeeeeirieeneneeereenssseessenmssssssennssssssesnsssssssennssssssssnnsssssssnnnnns 89
5.1 CONCLUSIONS 1euuueaeieasssesesesasesasasasasesasesasesaeseasassssesesesaeesesesessesesesssssesesesesesssssssssssssssssssssssssssssssssesssenene 89
5.2 SUGGESTION FOR FURTHER INVESTIGATIONS ..eetttteterereressesesssssesssesssssesssssssssssssssssssssssssssssssnsnsnsssnsnsnnnnnnnnnnnnnns 90

APPENDIX. A....eeiiieiieiierreneeeerteeneseereeanssesreensssssssensssssssenmssssssennsssssseensssssssssnssssssssnssssssssnnssssseesnsssssseennsssens 92

SUPPORTING INFORMATION: DIRECT SYNTHESIS OF SUBMICRON FENI PARTICLES VIA SPRAY PYROLYSIS

USING VARIOUS REDUCTION AGENTS.....ccceuueiiiiemmncerreemnsseeerenmsseessennsssssseenssssssessnsssssssenssssssssnnssssssssnsssssseanns 92
A.1 EFFECT OF THE TEMPERATURE ON THE CRYSTALLITE STRUCTURE OF FENI PARTICLES IN THE ABSENCE OF REDUCTION AGENTS 92
A.2 EFFECT OF THE REDUCTION AGENT CONCENTRATION ON THE CRYSTALLITE STRUCTURE OF FENI PARTICLES ..vvvvvvvvvvvevennrennns 94
A.3 EFFECT OF THE TEMPERATURE ON THE MORPHOLOGY OF FENI PARTICLES IN THE ABSENCE OF REDUCTION AGENTS......ccvve.. 94
A.4 PARTICLE SIZE DISTRIBUTION OF THE CASE OF 25 VOL% REDUCTION AGENTS ..eieiieerierereeeeeeeesesesesesesesessessssssssssmssemerenee 97
A.5 ATOMIC DISTRIBUTION OF THE PARTICLE WITH THE SPHERICAL AND JANUS STRUCTURE ..ceeevveverererererererersesesssessssmssemerenens 98
A.6 THERMOGRAVIMETRIC ANALYSIS AND THERMAL DECOMPOSITION OF THE SOLID PRECURSOR...ceeeeeeeierrrireeeeeeseennsreneeaaens 99
A.7 REDUCTION AGENT DECOMPOSITION BY COMPUTATIONAL FLUID DYNAMICS...ccceiiiiiiirieeieeeeeeereeeeesereseeessssesesssesenerenees 101

APPENDIX B.....ceiiiiieieiieieenencerienasnesteenssseeseennssssssennssssssssnssssssesnsssssseesnsssssssenssssssssnnsssssssnnssssssssnnssssssennsnnns 103

SUPPORTING INFORMATION: DC BIAS CHARACTERISTIC ENHANCEMENT OF THE POWDER CORE BY USING

DENSIFIED SUBMICRON SIZED FENI PARTICLES THROUGH SPRAY PYROLYSIS.....ccuuciirienccrrrenencrenenanseennees 103
B.1 CHARACTERISTICS OF FENI PARTICLES IN VARIOUS PRECURSOR CONCENTRATIONS ..uieieieieieieiereieieieiaeeieesaaeaeaeseaasaaaaaans 103
B.2 MEASUREMENT OF THE HOLLOW PERCENTAGE BY TEM IMAGE. .. .uuuuuiiiiiiiiiieiiieieiessssieseseseseseseeaeaeaeaaaaaaaaaaaaaeaaaaans 103
B.3 GAS CHROMATOGRAPHY ANALYSIS 1.vvvvvrurerururnrssesssasssnsssnsnsssnnnsnsnnnsnsnssssssssnssssesesssesssssssesssesssesssesessssssssssssssesaasaes 103
B.4 CONFIRMATION OF THE L1g PHASE OF FENI PARTICLES. ..uuuuuutuuuiuiuunnninnsasesesesesesesasesssssesesesesesasssasasssasasssssassaaaaaans 106
B.5 MEASUREMENT OF THE ADJACENT NON-MAGNETIC REGION ...uuuuuuuuuuununnnnnesasasasesasasesesssssesesesasesssasasasassssesssssaaaaaans 107

APPENDIX C...ceciieeiecieeteieneertenansesreensssesssennssssssennssssssssnssssssesnsssssseennssssssaensssssssennsssssssnnssssssesnnssssnsennnnnnns 109

SUPPORTING INFORMATION: ONE-STEP SYNTHESIS OF SIO, COATED FENI PARTICLES BY USING SWIRLER

CONNECTOR-ASSISTED SPRAY PYROLYSIS.....coteeciirieeeecirieennnieerrennssseesennsssssssenssssssesnnssssssssnssssssssnnsssssssnnnns 109
C.1 SIMULATION-BASED ON COMPUTATIONAL FLUID DYNAMICS (CFD) «.vvvieiiiieeeiiiee et e eeieee et ee e e e earee e 109
C.2 CFD SIMULATION RESULTS .tutuuututuuusuunnnsnunnnsnnnnnnnnnsannsnnsnsssssassssssssssssssssssssssesssssssssesssesesssassssssssssssssssssssssssaaaans 110
C.3 FEN1@SIO; PARTICLES SIZE AND SHELL THICKNESS DISTRIBUTION ...cuuuuietuuneertuneerraneersueersnnsesssnesssnsesssnsesssnseessnnnees 112
C.4 DETERMINING THE HMDSO VAPOR INLET LOCATION AND THE ADDITIONAL GAS FLOW RATE oeeeieiiiiiiiiiieiiieeeeeeeeeeeeeeees 113
C.5 COATING RATIO CALCULATION BASED ON TEIM IMAGE «..uuuiieieieieieieisieseseessssse s e se e ee s e s e iese s e s e saee e e e e e aaaaaaaaaaaaaaaaaaaaaaas 115
C.5 INTERMEDIATE PRODUCT OF FENI AEROSOL AFTER PREHEATER ..uuieieieieieieisessieseieieieseseiesesesesessssssssasssssssssssasssesaanans 115

BIBLIOGRAPHY ......ceiiiiieeeiiiiieneeeeietennsesteennsseseeensssssseennsssssssenssssssssnnssssssesnsssssssennssssssssnssssssssnnssssssssnnsnnns CXVII

LIST OF PUBLICATIONS.......ccciteeeiceirenaeeeseenneseesseensssessreensssssssennsssssssnnssssssesnssssssesnnssssssssnsssssssennnssssssnnnnnns CXXVII

PRESENTATION IN INTERNATIONAL/NATIONAL CONFERENCES.........cccccevreerremneerressnnneeessssnssensssssnneesees CXXVIII




List of Tables

TABLE 1.1. EFFECT OF THE DIFFERENT ENHANCEMENT STRATEGIES ON THE POWDER CORE MAGNETIC CHARACTERIZATION.............. 14

TABLE 1.2. FEATURES OF THREE KIND METHODS FOR SYNTHESIZING FENI PARTICLES ..uveveieieieieieieieieieieeeeeeeieeeeeeeeneananens ... 19
TABLE 1.3. SYNTHESIS OF THE SILICA-COATED PARTICLES IN GAS PHASE ROUTE ACCORDING TO THE PREVIOUS RESEARCHES. . .26
TABLE 1.4. COATING POSSIBILITIES IN TERMS OF REACTION RATE AND TYPICAL SCAVENGING SINTERING TIMES. ..eeeveiiieieiieeieeeeeenns 27
TABLE 2.1. EXPERIMENTAL CONDITIONS USED TO SYNTHESIZE FENI PARTICLES BY DIFFERENT REDUCING AGENTS.....ccceviiiiiiieeenanns 45
TABLE 2.2. COMPARISON BETWEEN PRESENT WORK AND PREVIOUS WORK REGARDING THE SYNTHESIS OF FENI, NI, FE BASED
PARTICLES FROM METAL SALT PRECURSORS VIA SPRAY PYROLYSIS. 1.eeeieeuuurrireeeeeeesinnrreeeeseeeseassssseessessessssssnseesssesnnssnsens 53
TABLE 3.1. EXPERIMENTAL CONDITIONS OF SYNTHESIZING FE(NO3)3'9H20 AND Ni(NO3), 6H,0 SOLUTION IN 25 VOL% ETHANOL AT
VARIOUS TEMPERATURE AND CARRIER GAS FLOW RATES ..vveeeteeeieiuuttereeeeeeesansssseeseesesesassssseesssessanssssssssssssenssssssssesses 62
TABLE 3.2. THE EFFECT OF THE ADDITIONAL SECONDARY PARTICLES FROM DIFFERENT PREPARED CARRIER GAS FLOW RATE ON THE
PHYSICAL PROPERTY OF THE POWDER CORE ....uuuuttvtreeeeeeeiaussrseesseseseaisssessessseasasssssssssesssasssssssssessssessssssssessssessansssens 69
TABLE 4.1. EXPERIMENTAL CONDITIONS FOR VARIOUS PARAMETERS: CONNECTOR TYPES, TEMPERATURES, AND ADDITIONAL GAS FLOW
Y T 78
TABLE A.S1. EXPERIMENTAL CONDITIONS OF THE PRELIMINARY EXPERIMENTS. «.uieeeierereiereierereserereresesesesessieesanesssenssessasesaaanens 93

TABLE A.S2 PRECURSOR PROPERTIES IN DIFFERENT SOLVENTS. . .eeetetttuueeeeereerrnnnaeeeesesessnnaeseessssssneeesssssssssnesessssssssnsneseessssnnnn 97




List of Figures

FIGURE 1.1. MAGNETIC CORE WITH CONCENTRATED (TYPICAL FERRITE CORE) AND DISTRIBUTED AIR GAPS (POWDER CORE). ADAPTED

FIGURE 1.2. MAGNETIZATION OF POLYCRYSTALLINE FERROMAGNETIC MATERIAL IN A MAGNETIC FIELD, H. SOLID LINE AND DASHED
LINE REPRESENTED GRAIN BOUNDARIES AND MAGNETIC DOMAIN, RESPECTIVELY. ARROWS INDICATE MAGNETIZATION

DIRECTIONS OF INDIVIDUAL CRYSTAL GRAINS OR MAGNETIC DOMAINS. ...uvvvrereeeeeeeiiuurereeeeesessasssseeseesseesssssssseesesessasssnnes 4
FIGURE 1.3, B-H HYSTERESIS LOOP. ..uutututututuuuniunininniiesssesesesesesesesssasassssssasssssssssssesssssesasasasesssasassssesssssssssessssssssaasaanans 5
FIGURE 1.4. B-H HYSTERESIS LOOP FOR SOFT-FERROMAGNETIC AND HARD-FERROMAGNETIC MATERIALS. «oeeeviiiiiiiiiiiiiiiieeeeeeeeeenens 7
FIGURE 1.5. DC BIAS CURVES FOR FERRITE AND FESIAL POWDER CORE. ..ueieieieiiiisieeeieseieieieseieseiesasssessssesesesssssssssesssssssassssanans 9
FIGURE 1.6. (A) RELATIONSHIP BETWEEN PERMEABILITY AND SATURATION MAGNETIZATION, (B) RELATIONSHIP BETWEEN PRICE AND

COERCIVITY FROM VARIOUS SOFT-MAGNETIC PARTICLES. 11vveeeeeeeeesusrrereeeeeessassrssseseesesesassssseessseasansssssessesssenssnssssseeses 11

FIGURE 1.7. INCORPORATING SECONDARY PARTICLES IN A POWDER CORE: (A) SEM IMAGE OF POWDER CORE COMPRISES OF FESICR AS PRIMARY
PARTICLES AND CARBONYL IRON POWDER (CIP) AS SECONDARY PARTICLES WITH VARIOUS CONCENTRATION; 1) OWT%, 2) 5W1%, 3) 10WwT%, 4)
20WT%, 5) 30WT%, 6) 50WT%. (B) EFFECT OF INCORPORATING VARIOUS CONCENTRATION OF CIP ON THE CORE LOSS OF THE POWDER CORE.

(C) SCHEMATIC IMAGE OF THE CANCELLATION OF THE DEMAGNETIZATION FIELD CAUSED BY THE SECONDARY PARTICLES. ...veevvveeseveesnveesnnens 17
FIGURE 1.8. (A) SCHEMATIC IMAGE OF FENI PARTICLES PREPARED BY USING SOLID PHASE METHOD. SEM IMAGES OF THE FENI
PARTICLES WITH DIFFERENT SHAPE: (B) FLAKES, (B) SPHERE, (C) LAMELLAR. ...ccceetireeetreeeeeteeeeetveeeeeaseeesesseeeeessseeeeennes 21
FIGURE 1.9. (A) SCHEMATIC IMAGE OF FENI PARTICLES PREPARED BY USING LIQUID PHASE METHOD. SEM IMAGES OF THE FENI
PARTICLES WITH DIFFERENT SHAPE: (B) AGGLOMERATION, (B) FLOWER-LIKE, (C) IRREGULAR. .....cccuvieeeeireeeeiireeeeeireeeennns 22
FIGURE 1.10. SCHEMATIC IMAGE AND SEM OF FENI PARTICLES PREPARED BY USING GAS PHASE METHOD: (A) ELECTROLYTE
DEPOSITION METHOD, (B) SPRAY PYROLYSIS METHOD. ...eeeuveeeuteeessreesureesseeessseesssessssessnsesssssensesessssssssessssessssessnsessssens 24

FIGURE 1.11. TYPICAL TEM IMAGES OF THE AGGLOMERATED FENI@S10; PARTICLES PREPARED BY STOBER METHOD. .....uvcvvnnn... 25

FIGURE 1.12. SYNTHESIS OF SILICA-COATED PARTICLES BY USING HOT WALL REACTOR.(A) EXPERIMENTAL APPARATUS EMPLOYED IN
GAS-PHASE COATING OF TIO; PARTICLES WITH SIO3. (B) SCHEMATIC ILLUSTRATION OF THE IN SITU GAS-PHASE PROCESS FOR
PRODUCING SILICA-COATED TITANIA POWDERS. (C) TEM IMAGES OF THE SILICA-COATED TITANIA AT 1300 AND 1500°C.... 28

FIGURE 1.13. PROPOSED COATING MECHANISM FOR THE SILICA-COATED T10, SYSTEM AND FOR REACTOR TEMPERATURES (A) 1300

AND (B) I500 OC. ...etiiiieiiie ettt e ettt e e ettt e e ettt e e e bt e e e eebaee e e tbaee e e bbeeaeaasaaa e e abaeaeaabaeeeeantaeaeasbeeaeanbaeeeennraeeeanaaaas 30
FIGURE 1.14. EXPERIMENTAL SETUP TO SYNTHESIZE NANOCOMPOSITE MATERIALS IN A SINGLE STEP BY FURNACE AEROSOL REACTOR.
.................................................................................................................................................................... 31
FIGURE 1.15. REACTION KINETICS-BASED AO\/B:Oq NANOCOMPOSITES SYNTHESIS MECHANISM FROM PREMIXED PRECURSORS P31 AND P,. THIS WORK USES
IPCAND TMIDS AS P; AND P, FE2O3 AND SIO2 AS AYOVAND BrOlas c.vvvvvrniieeeieitiiieeeeeeeetttiieseeeeesstnneeeessessnsnsesessssssnnaesessessnnns 32
FIGURE 1.16. SCHEMATIC OF THE PHOTO-CVD COATING REACTOR. ..uuuieieieieieiesesessesseeseseiesesesesesasasessssssesesssssssssssssssssessasaeans 33
FIGURE 1.17. REACTOR SETUP USED FOR EXPERIMENTS CONSISTING OF QUARTZ TUBE, PLASMA NOZZLE, MICROWAVE PLASMA ZONE,
AND COATING NOZZLE LOCATED AT A DISTANCE OF 440 MM ABOVE THE PLASMA NOZZLE. ....ccceeeeeieeeiieeieiieeeeeeeeeeeeeeeeaaeas 34

FIGURE 1.18. SILICA COATING AFTER PLASMA-ASSISTED COATING. (A) EXPERIMENTAL APPARATUS. FOR THE CORE PARTICLES, TWO
DISTINCT AEROSOL GENERATION TECHNIQUES WERE USED: A SPARK DISCHARGE GENERATOR FOR METALS (PT OR Au) (A) AND
AN ATOMIZER FOR TITANIA (B). THE PRECURSORS FOR THE COATING WERE TEOS AND HMDSO. (c) GOLD COATED WITH

TEOS AND HIVIDSO....citiiieie ettt ettt e e e e e ettt e e e e e e e e et baaeeaaeeeeaasstaesaaaesesaassbaseeasaeesaassstaaseaaesesnnnsrnnnns 35
FIGURE 1.18. FLAME ASSISTED REACTOR OF SYNTHESIZING SILICA-COATED PARTICLES BY USING TORUS RING WITH 8 JET OUTLETS FOR

INTRODUCING HIMIDSO AS THE SILICA SOURCE. «.eeetetereerererereressssssssssssssssssssssssssssssssssssssssssssnsssnsnsnsnsnsnnnsnsnssnnsnnnnnnnns 37
FIGURE 2.1. EXPERIMENTAL SETUP OF SPRAY PYROLYSIS SYSTEM USED TO SYNTHESIZE FENI PARTICLES. ..eeeeveviiiiiiiiiiiiieieieeeeeeeens 45
FIGURE 2.2. (A) XRD PATTERNS OF FENI PARTICLES, (B) WEIGHT PERCENTAGE OF FENI PARTICLES AT DIFFERENT REDUCTION AGENT

CONCENTRATION DERIVED FROM RIETVELD ANALYSIS, AND (C) CALCULATED Hy GAS CONCENTRATION. ..cccevuvieeeenreeeeennenn. 48

FIGURE 2.3. SEM IMAGES OF THE FENI PARTICLES PRODUCED AT VARIOUS CONCENTRATION OF THE REDUCTION AGENTS (A)
ETHANOL, (B) FORMIC ACID, AND (C) ETHYLENE GLYCOL. uuuvteeeiurereeesureeeesiureeeeasseeeeeasseeesasssesesssesesasssssessssssssssssesesnnes

FIGURE 2.4. ELEMENTAL MAPPING OF THE PARTICLES PRODUCED IN (A) FORMIC ACID (FA25), AND (B) ETHANOL (ET25)

FIGURE 2.5. TEM IMAGES OF FENI PARTICLES SYNTHESIZED USING 25 VOL% REDUCTION AGENTS: (A) ETHANOL (ET25), (B) FORMIC

ACID (FA25), (C) ETHYLENE GLYCOL (EG25). .. unutiieeeiiieeeeieee ettt e e ettt e e ettt e e eiteeeeeata e e e eeataeeeeasaeaesntaeeeenssaessenneneas 52
FIGURE 2.6. FENI PARTICLE FORMATION MECHANISM BY 25 VOL% OF (A) ETHANOL, (B) ETHYLENE GLYCOL, AND (C) FORMIC ACID AT

10700 OO P TP UTUPOTII 56
FIGURE 2.7. THE SIMULATION RESULT OF (A) HYDROGEN AND (B) WATER COMPOSITION IN THE SPRAY PYROLYSIS REACTOR. .......... 56
SCHEME 3.1. SYNTHESIS AND INVESTIGATION OF SUBMICRON SIZED FENI PARTICLES TO THE POWDER CORE PERFORMANCE. .......... 61

FIGURE 3.1. TEM IMAGES OF FENI PARTICLES IN VARIOUS CARRIER GAS FLOW RATES WITH DIFFERENT TEMPERATURES: (A1-3)
1400 °C; (81-3) 1300 °C; (c1-5) 1200 °C. HP Is THE PERCENTAGE OF THE NUMBER OF HOLLOW PARTICLES. (D) THE
CORRELATION OF THE CARRIER GAS FLOW RATE AND TEMPERATURE TO THE HP...coiiiiiiiiiiiiieiiec e 64




List of figures

FIGURE 3.2. FENI PARTICLES IN DIFFERENT CARRIER GAS FLOW RATES: (A) SEM IMAGES AND (B) PARTICLE SIZE DISTRIBUTION, WHERE
DG,AV IS THE GEOMETRIC MEAN DIAMETER AND 3 IS THE GEOMETRIC STANDARD DEVIATION. (C) EFFECTS OF CARRIER GAS FLOW
RATE ON THE PERCENTAGE OF DENSE PARTICLES AND DENSITY OF FENI PARTICLES. (D) XRD PATTERN OF FENI PARTICLES IN

DIFFERENT CARRIER GAS FLOW RATES. THESE SAMPLES ARE OBTAINED AT 1200 °Cl..evvvvvvrererernrnrernrnrnininnnnnnnnnnnnnnnnnns 66
FIGURE 3.3. COMPARISON OF THE MAGNETIC SATURATION VALUE OF FENI PARTICLES IN THE RANGE OF NANO- AND SUB-
MICROMETER SIZE TO THE OTHER IMETHODS. v.vvvvvtvreteeeeeerereeeeeeesesssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnnsnssnnnsnnnnnnne 67

FIGURE 3.4. CROSS-SECTIONAL SEM IMAGES OF THE POWDER CORE WITH THREE TYPES OF FENI PARTICLES AT DIFFERENT
MAGNIFICATIONS: (A) S12-5.0; (B) S12-2.5; AND (c) S12-1.3 AS THE SECONDARY PARTICLES. IMAGES WITH DIFFERENT

MAGNIFICATION: 1, LOW MAGNIFICATION IMAGE WITH 1.0K; AND 2, HIGH MAGNIFICATION IMAGE WITH 10.0K. .............. 68
FIGURE 3.5. DIMINISHING INDUCTANCE FROM ITS INITIAL VALUE FOR PRESENTING DC BIAS PERFORMANCE OF THE POWDER CORE. . 70
FIGURE 3.6. MAGNETIC FLUX PATH THROUGH SUBMICRON SIZED FENI PARTICLES..cceieeeeieieieieieieieieieieieieeeeieeeseseeeaeeeeeaeaeaeaaaaans 71
SCHEME 4.1. SCHEMATIC OF THE PROPOSED SYSTEM FOR SYNTHESIZING FEN1@SIO; PARTICLES IN A DIRECT PROCESS......ccuvveevnnns 76
FIGURE 4.1. EXPERIMENTAL SET-UP OF THE SYNTHESIS OF FENI@SIO; VIA CONNECTOR-ASSISTED SPRAY PYROLYSIS ROUTE USING

DIFFERENT CONNECTOR TYPES. 1) T-SHAPED, 1) SWIRLER=3, I1l) SWIRLER=B. ....cccuveeeeeirrreeeeiieeeeireeeeeiareeeeeireeeeesseeeennnes 77

FIGURE 4.2. FENI1@SIO, PARTICLE MORPHOLOGY USING DIFFERENT TYPES OF CONNECTORS AT REACTOR TEMPERATURES OF 12002C
(A—c) AND 1400¢C (D—F). 1) SEM IMAGES; 2) TEM IMAGES OF PARTICLES GENERATED USING (A,D) T-SHAPED, (B,E)
SWIRLER-3, (C,F) SWIRLER-6. CR IS THE COATING RATIO IN PERCENTAGE, WE COUNTED AT LEAST 150 PARTICLES. NUMBER OF
* INDICATE THE LEVEL OF NANOPARTICLE GENERATIONS. «.uveeeuveresseeessueessseesseeesssessssessnsesssssensesessssssseesssessssessssessssens 81

FIGURE 4.3. THE CFD SIMULATION RESULTS FROM DIFFERENT CONNECTORS: (A) TEMPERATURE DISTRIBUTION ON CROSS-SECTIONAL
ALONG THE AXIS REACTOR, BLUE (BELLOW 573 K), RED (1673 K). PARTICLES TRAJECTORY (B) ALONG THE AXIS REACTOR AND
(C) NEAR THE REACTOR OUTLET. 1) T-SHAPED, 2) SWIRLER-6. (D) THE CENTERLINE ON THE TEMPERATURE DISTRIBUTION
(BLUE), PARTICLE RESIDENCE TIME (RED), AND DEGRADATION OF THE HMDSO CONCENTRATION DUE TO SIO; GENERATION
(BLACK) AS A FUNCTION OF LENGTH. T-SHAPED (DASHED-LINE), SWIRLER-6 (SOLID LINE). ....uvveeeeirireeeireeeeeireeeeesiveeeennns 83

FIGURE 4.4. EFFECT OF ADDITIONAL GAS FLOW RATES ON THE MORPHOLOGY OF FENI@SIO; PARTICLES. (A) SEM IMAGES AND (B)
TEM IMAGES OF THE APPLIED Q,4: 1) 3 L/MIN, 2) 5 L/MIN, 3) 7 L/MIN, (NUMBER OF * INDICATE THE LEVEL AMOUNT OF
NANOPARTICLES). (C) EFFECT OF THE ADDITIONAL GAS FLOW RATES ON THE COATING RATIO (CR) AND SHELL THICKNESS (Tc).

(D) XRD PATTERN OF THE FENI@SIO3 PARTICLES (SWB-14-5). ..eeeriiiieiiieeeciiee ettt et e e ettt e e eeare e e e eareeeeeeareeeennns 85
FIGURE 4.5. HAADF-STEM IMAGE AND ELEMENTAL MAPPING OF CROSS-SECTIONAL FENI@SIO; PARTICLES (SW6-14-5).......... 86
FIGURE 4.6. (A) NORMALIZED EDDY CURRENT LOSS IN VARIOUS PACKING DENSITIES, AND (B) DETERIORATION OF THE NORMALIZED

PERMEABILITY VALUE OF THE APPLIED FENI AND FENI@SIO, PARTICLES IN A POWDER CORE. cevuvviiiunnieiriieriineeernneeesnnnens 87
FIGURE A.S1. TEMPERATURE DISTRIBUTION INSIDE SPRAY PYROLYSIS REACTOR. ieeeeeieereieieieieieieieieieseseieeeesesesesesesessaesaeeseanaanns 92
FIGURE A.S2. XRD PATTERN OF FENI PARTICLES USING WATER AS A SOLVENT AT VARIOUS TEMPERATURES. ...ccveveiiieiieiieieneeeenns 94

FIGURE A.S3. CRYSTAL STRUCTURE OF FENI PARTICLES SYNTHESIZED USING (A) ETHANOL, (B) FORMIC ACID, (C) ETHYLENE GLYCOL.95

FIGURE A.S4. SEM IMAGES OF FENI PARTICLES SYNTHESIZED USING WATER AS A SOLVENT IN VARIOUS TEMPERATURES (A) 900 °C,
(8) 2000 °C, (c) 1100°C, (D) 1200 °C, (E) 1300 OC.....veeecrererireeirriesreesireesiseesreessseessaeessesessseesssessssessssessssessses 96

FIGURE A.S5. EFFECT OF THE SOLVENT TYPE ON THE FENI PARTICLE SIZE DISTRIBUTION: (A) 25 VOL% ETHANOL, (B) 25 VOL% FORMIC
ACID, (C) 25 vOL% ETHYLENE GLYCOL, AND (D) WATER. Day IS THE GEOMETRIC MEAN DIAMETER, ¢ IS THE GEOMETRIC

STANDARD DEVIATION. 1uvutuuutuuuuuuuunnnsnnnsnnnsnsnsnsnsnsnsssssnsssssssnsssesessssssssssssssssssssesssssssesesesesesssssessesesssessssssassssssssaasans 98
FIGURE A.S6. EDS ANALYSIS OF (A) THE JANUS STRUCTURE (FA25) AND (B) THE SPHERICAL STRUCTURE (ET25). ..ocovvvieeiiiienne 99
FIGURE A.S7. THERMOGRAVIMETRIC ANALYSIS OF THE SOLID PRECURSOR «.uuieieieieeeeiisiieieieieieseieiesesassesssesssesessssssssassesaaaaaans 100
FIGURE A.S8. THE PRECIPITATED SOLID OF THE PRECURSOR SOLUTIONS AT 200°C UNDER THE AIR. «.uvvrvereeeeeeeinnrereeeeeeesennnnnnees 100
FIGURE A.S9. THE REDUCTION AGENT DECOMPOSITION BY COMPUTATIONAL FLUID DYNAMICS SIMULATION: (A) ETHANOL, (B)

FORMIC ACID, (C) ETHYLENE GLYCOL 1euuuvveeeeureeeeasreeeesuseeeesasseesaassseesaasssessssssasasssssesasssssssssssesanssssesanssssssassesasans 102
FIGURE B.S1. ELEMENTAL MAPPING OF FENI PARTICLES IN DIFFERENT CONCENTRATIONS: (A) 0.2 MoL/L; B) 0.6 MOL/L. .......... 104
FIGURE B.S2. MAGNETIZATION CHARACTERISTIC OF FENI PARTICLES IN VARIOUS PRECURSOR CONCENTRATIONS. .eeeveveeeeeeeeeannns 104
FIGURE B.S3. CALCULATING THE HOLLOW PARTICLE PERCENTAGE FROM THE TEM IMAGES. THE BLUE ARROW IS INDICATING THE

HOLLOW PARTICLES. 1ettttttttttteeeeeeteeeeeteeeeeteeeeeseeeeeseessaeassssesssessssssssssssssssesssssssesssssssssesssesssssnsssnsnsnnnsnsnnnnnsnnnnnnsnnne 105
FIGURE B.S4. THE BAR CHART OF THE DENSE AND HOLLOW FENI PARTICLES COUNT ceeeeetieieieieieieieieieieeeeeeeeeeeeeeaeeeaeaeaeeeaeaaaaas 105
FIGURE B.S5. GAS CHROMATOGRAPHY ANALYSIS OF THE FLUE GAS FROM 25 VOL% ETHANOL=WATER. ...cceviiiiiiiiiiiieiiieieeeneenas 106
FIGURE B.S6. XRD PATTERN AT A LOW ANGLE OF THE SUBMICRON FENI PARTICLES. ...ccevevvrerereienennns .. 106
FIGURE B.S7. HYSTERESIS LOOP OF FENI PARTICLES IN VARIOUS CARRIER GAS FLOW RATES AT 1200 °C. ...107
FIGURE B.S8. SCHEMATIC DISTANCE MEASUREMENT FOR INDIVIDUAL PARTICLES .eeeeeeeieeieieieieieieieieneseeseeeseaeneaeseseseseaaaaaaaaans 108
FIGURE C.S1. GEOMETRY AND GEOMETRY MESHING OF THE CONNECTOR AND REACTOR PARTS IN THE USE OF DIFFERENT CONNECTOR

TYPES: (A) T-SHAPED, (B) SWIRLER-3, (C) SWIRLER=B ... .veeeeeiurieeieitieeeeeitieeeesiteeeeeiteeeeesaseeeeestreeeeessesesensseessnssenanns 110

FIGURE S2. TEMPERATURE DISTRIBUTION, FENI AEROSOL AND HMDSO VAPOR TRAJECTORY, THE PLOT OF HMDSO
CONCENTRATION, AND THE TEMPERATURE AT THE CENTER AS A FUNCTION OF LENGTH: (A) T-SHAPED (Ts-14-3), (B) SWIRLER-
L YT PSSR 111

vii



List of figures

FIGURE C.S3. FENI AEROSOL AND HMDSO VAPOR TRAJECTORY ALONG WITH THE CONNECTOR AND REACTOR IN DIFFERENT TYPES OF

CONNECTORS (A) FROM THE HORIZONTAL VIEW, AND (B) FROM THE AXIAL VIEW AT THE OUTLET POSITION.....ceevveeruveennnen. 111
FIGURE C.S4. THE PLOT OF HMDSO CONCENTRATION (BLACK), RESIDENCE TIME (RED), AND THE TEMPERATURE AT THE CENTER
(BLUE) AS A FUNCTION OF LENGTH: T-SHAPED (DASHED-LINE), SWIRLER-3 (DOTTED-LINE), SWIRLER-6 (SOLID-LINE)......... 112

FIGURE C.S5. EFFECT OF THE ADDITIONAL GAS FLOW RATES ON THE PARTICLE SIZE DISTRIBUTION OF THE FENI@SI0,: A) 3 L/MIN, B)
5 L/MIN, €) 7 L/MIN. Ts,1S THE GEOMETRIC MEAN OF THE SHELL THICKNESS, %1 IS THE GEOMETRIC STANDARD DEVIATION OF
THE SHELL THICKNESS, Day,c IS THE GEOMETRIC MEAN OF THE FENI@SIO; PARTICLES, AND 35 ¢ IS THE GEOMETRIC STANDARD

DEVIATION OF THE FENI@ SIO 2 PARTICLES. ..evuuuiittuiietieeetutersuieessueeessueetssneesssneessusesssntesssneeessuetesssmesssneessnns 113
FIGURE C.S6. EFFECT OF THE CONNECTOR POSITION ON THE (A) FENI AEROSOL AND HMDSO VAPOR FLOWS FROM THE SIMULATION
RESULTS, (B) MORPHOLOGY OF THE FENI@SIO; PARTICLES FROM SEM ANALYSIS. ...ccuuvieeeeiurieeeirieeeesireeeeeiareeeeeareeeenns 114
FIGURE C.S7. THE TEM IMAGE OF THE SYNTHESIZED PARTICLES BY APPLYING Q4 OF 1 L/MIN. c.veeeivvieriieitieeeeec e e 114
FIGURE C.S8. TEM IMAGE OF THE COATED AND UNCOATED FENI@SIO; PARTICLES FROM THE SAMPLE OF SW6-14-3. ............. 115
FIGURE C.S9. THE COUNTING OF COATED AND UNCOATED FENI@SIO; PARTICLES FROM THE SAMPLES OF (A) Sw6-14-3, (B) SW6-
I (o YT I OO RURUPRNS 115
FIGURE C.S510. (A) EXPERIMENTAL SET UP TO OBSERVE THE INTERMEDIATE PRODUCT, (B) THE FLUID FLOW INSIDE THE TUBE BEFORE
AND AFTER THE PAPER FILTER, AND (C) THE PAPER FILTER CONDITION AFTER FLOWING FENI AEROSOL....vveeruveerereesveenenen. 116

viii



Chapter 1
Introduction

Energy plays a critical role in driving long-term economic development and reducing
poverty, while also ensuring sustainability. However, the ever-increasing energy demand
resulting from population growth, especially in areas such as transportation, electricity, and
industrialization, poses a significant global challenge to sustainability due to the gas pollution
emitted from the utilization of fossil fuels. Disturbingly, reports indicate that carbon dioxide
emissions, a major contributor to gas pollution, have soared over the past 25 years, leading to
an estimated 4.2 million premature deaths [1,2]. To address this pressing issue, significant
emphasis is being placed on advancing energy utilization through the development of digital
devices, electric vehicles, and renewable power generators. Key to achieving this objective is
the ability to design devices and machines that are not only highly efficient but also compact,
thus minimizing their environmental footprint. This is where passive components such as
power inductors come into play, as they contribute significantly to the space and weight
considerations within electric circuits [3]. In recent times, numerous researchers have dedicated
their efforts to investigating various materials and component designs with the goal of creating
the most efficient power inductors. These advancements are crucial for meeting the evolving
needs of electronic devices and machinery, which are undergoing rapid evolution and

technological progress.

1.1 Power inductor

Inductors is critical in electronic circuits by serving various functions such as voltage
stabilization, current management, high-frequency signal control, and noise elimination. When
designing electronic devices and machines with a focus on energy efficiency, the inclusion of
a power inductor becomes essential. Typically, a power inductor consists of a magnetic core
wound with a winding coil. Among the commonly used magnetic cores for power inductors,
ferrite cores and powder cores are prevalent. Ferrite core is a core that is made by ceramic
structure of mixed iron oxide (Fe>Os3) with oxide or carbonates of one or more metals such as
manganese, zinc, nickel, or magnesium. Whereas the powder core is a core that comprises of
small magnetic particles such as Fe, Ni, Co, and its alloy. In recent developments, devices and
machines have increasingly operated at higher frequencies, driven by the transition from 4G to

5G mobile networks and the projected advent of 6G. As a result, the size of power inductors
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can be effectively reduced, allowing for compact designs that support the miniaturization of
electronic components.

In the application of the power inductor, the presence of an air gap within the core
structure is required to store energy and to prevent the core from saturating under load [4]. For
the ferrite core, a concentrated air gap is usually made in a certain space as shown in Figure
1.1. This air gap can improve the magnetic saturation of a ferrite core. However, the
concentrated air gap produces a fringing flux which causes an energy loss, i.e. eddy current
loss, significantly. Although this loss can be suppressed by edging the corner of the magnetic
core or by distributing a concentrated air gap into several air gaps, this process increases the
production cost [5]. On the other hand, the powder core provides a distributed air gaps owing
to the distance of inter particles in the compacted powder. The distributing air gap can eliminate
the fringing loss while keeping the eddy current loss at minimum. Therefore, among the power
inductor types, powder core inductor is the most suitable for minimizing the devices and
machines design owing to its good stability and ability in working at high frequency and
saturation.

Magnetic flux  Concentrated air gap Metal powders  Distributed air gap
=~ N N > o

Doooo

Y
oo

Fringing flux

«

3 - Insulating layer
(a) Concentrated air gap (b) Distributed air gap (powder core)

Figure 1.1. Magnetic core with concentrated (typical ferrite core) and distributed air gaps (powder core).
Adapted from [4]

1.2 Powder core inductor and its magnetic characteristics

A powder core inductor is a type of inductor that uses a powdered magnetic core
material instead of a solid core. This type of inductor offers a number of benefits over
traditional inductors that use solid core materials. With a powdered core, the inductor can
achieve a higher level of inductance in a smaller physical space, making it useful for a wide
range of applications, including power electronics, telecommunications, and so forth. The
powdered core material is typically made up of tiny magnetic particles which compressed and
molded into the desired shape. It can be a cylindrical shape or a toroidal shape. The inductor
coil is then wound around the powdered core, which can be made up of a variety of different

magnetic materials, including iron, nickel, cobalt and other alloys. One advantage of using a
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powdered core material is that it can offer a higher saturation flux density than solid core
materials, which means that it can store more energy. Additionally, the powdered core material

can offer a lower core loss, which results in greater efficiency and improved performance.

1.2.1  Magnetization

Magnetization is a fundamental process in an inductor, where the generation of a
magnetic field occurs due to the flow of current through its coil. When an electric current
passes through the inductor's wire, a magnetic field is generated around the coil. Magnetization
is a measurable quantity represented by the symbol M, which describes the overall magnetism
of an object. It is measured in units of ampere per meter (A.m™!). Magnetization signifies the
concentration of magnetic dipoles within a given volume of material. Specifically, if we use
the symbol n to represent the number N of tiny magnetic dipoles per unit volume of a magnetic
substance, measured in reciprocal cubic meters (m™), the magnetization of the material can be
calculated using the following equation:

M=Nm/V=nm (1.1)
When the material is exposed to a magnetic field denoted as H, the magnetization of the
material is directly proportional to the magnitude of the applied magnetic field, as described
by the following equation:
M = yH (1.2)

Where the dimensionless factor y, also referred to as ym or K, represents the absolute magnetic
susceptibility of a material. It is an intrinsic property that plays a crucial role in classifying
materials based on their magnetic behavior. Magnetic susceptibility determines how a material
responds to a magnetic field. Materials with small and negative susceptibilities (around -10-)
are known as diamagnetic materials or diamagnets. Superconductors with a susceptibility of -
1 are considered perfect diamagnets. On the other hand, materials with small and positive
susceptibilities (+10”° <y <+10%) are called paramagnetic materials or paramagnets. There are
also ferromagnetic materials or ferromagnets, which have significantly higher positive
susceptibilities, usually ranging from 50 to 10%. However, it's important to note that the
magnetic susceptibility of ferromagnetic materials is not constant and is strongly influenced by
the magnetic field. When a specific material is exposed to a magnetic field, denoted as H, its
response as overall magnetic induction that can be expressed as follows:

B = popH = poH(1+ %) (1.3)
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From Equation (1.3) The clear expression of interdependence may be observed between two
dimensionless values, specifically the relative magnetic permeability (x-) and the magnetic
susceptibility (y) of the material [6].

The magnetic field induces magnetization within the core material of the inductor,
aligning its magnetic domains in a specific direction [7], as shown in Figure 1.2. The
magnitude of magnetization depends on the current intensity and the inductance of the inductor.
As a result, the inductor stores energy in the form of a magnetic field, which can be released
when the current flow is interrupted or varied. This magnetization process plays a crucial role
in the functioning of inductors, allowing them to store and transfer energy efficiently within

electrical circuits.

ol Ival Yol Ve

8|

Figure 1.2. Magnetization of polycrystalline ferromagnetic material in a magnetic field, H. Solid line and
dashed line represented grain boundaries and magnetic domain, respectively. Arrows indicate

magnetization directions of individual crystal grains or magnetic domains. Adapted from [7]

1.2.2  Hysteresis loop

The hysteresis loop is a graphical representation that illustrates the magnetic behavior
of a material, particularly its response to an alternating magnetic field. It depicts representation
of the magnetic behavior of ferromagnetic materials can be observed through the relationship
between magnetic induction (B) and the applied external magnetic field (H) during a
magnetization cycle (Figure 1.3). The hysteresis loop is named so because it showcases the
phenomenon of hysteresis, which refers to the material's ability to retain some magnetization
even after the magnetic field has been removed. The hysteresis loop typically consists of two
branches: the magnetization curve during increasing magnetic field strength (ascending
branch) and the curve during decreasing field strength (descending branch). Initially, when

there is no external magnetic field (B = 0 and H = 0), the magnetic induction starts from zero

4
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and gradually increases as the magnetic field is increased. During this stage, Weiss domains
are formed within the material. These domains consist of areas where the spontaneous
magnetization aligns with the applied magnetic field, while other magnetic domains contain
Bloch walls that shift within the material. The linear slope observed in the early stage of the
curve is a result of the reversible movement of Bloch walls at significantly low magnetic fields.
Nevertheless, after the external magnetic field attains its maximum magnitude, referred to as
Hjs, the entirety of the material aligns itself into a solitary Weiss domain, leading to the
attainment of the maximum net magnetic induction, commonly referred to as the saturation
magnetic induction (Bs). The concept of saturation induction refers to a condition in which the
magnetic dipoles present in a material become uniformly aligned with the applied magnetic
field. The saturation induction value is determined exclusively by the atomic magnetic
moments (m) and the atomic density (n) within the material:
Bs=uynm (1.4)
Saturation induction is not structure sensitive and is dependent simply on the ferromagnetic

atoms present in the materials.

A Magneticinduction 8

! +Bs (c) Saturation magnetization
(d) Remanent magnetization
>

(b) Partially demagnetized state

(¢) Demagnetization (a) Demagnetized state

- HS = H( v H( ar HS |
Magnetic field strenght H

(f) Saturation magnetization

Figure 1.3. B-H Hysteresis loop. Adapted from [6]

Due to the irreversibility of the walls' motion, When the external magnetic field is
decreased, the magnetic induction exhibits a curve characterized by greater values compared
to the previous curve. At a magnetic field strength of zero (H = 0), the reorientation of magnetic

domains within a material occurs gradually (slow return), leaving a residual magnetic induction
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inside the material known as remanence or remanent magnetic induction, Br. The highest
remaining magnetic induction when materials are fully magnetized is referred to as retentivity.
This is the most well-known feature of ferromagnets. It is worth noting that in the technical
literature, a distinction is made between remanence and remanent induction. The physical
quantity known as remanence pertains to the measurement of the remaining induction or
magnetization of a magnetic material after the removal of the magnetic field, following its
saturation during magnetization. On the other hand, the term remanent induction or
magnetization is specifically employed when the magnetic field is removed subsequent to
magnetization at an arbitrary level. As a result, the remanence emerges as the constraining
element for all remanent inductions.

In order to totally eliminate the retentivity of the materials, it is necessary to apply an
opposing magnetic field known as coercivity, coercive force, or coercive magnetic field
strength (H.). The phenomenon of nullifying magnetic induction is commonly referred to as
demagnetization. Similar to the concept of remanence, a differentiation can be made between
the coercive field, which denotes the magnetic field strength necessary to diminish
magnetization to zero from any given level, and the coercivity, which signifies the magnetic
field strength required to diminish magnetization to zero from saturation. In this framework,
coercivity serves as the maximum threshold for all coercive fields. The induction of a more
intense magnetic field elicits the aforementioned reversal phenomenon, leading to the
saturation of the material. The B-H curve is completed when the magnetic field is reversed.
The hysteresis curve or loop refers to the entire curve. The attainment of zero magnetization at
zero field can only be achieved through the process of heating the materials beyond the Curie
temperature, which leads to the creation of a new system consisting of randomly oriented
magnetic domains. As a result, the four parameters of Bs, Br, Hc, and Hs completely
characterize the magnetic characteristics of ferromagnetic materials. The surface area below
the curve, on the other hand, indicates the stored magnetic energy per unit volume of material,
represented in J.m3. As a result, the magnetic energy loss per unit volume of material is
represented by the specific area bordered by the magnetization and demagnetization curves
which is depicted in hysteresis loop.

It is important to acknowledge that the magnetic permeability of ferromagnetic
materials is not a constant physical number, but rather varies depending on a specific region of
the B-H diagram. Hence, the utilization of magnetic permeability as a means to characterize
ferromagnetic materials is deemed inadequate because of the presence of the hysteresis loop.

This loop allows for the generation of virtually any permeability value, including infinite

6
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permeability at remanence (where magnetic field strength, /, is zero and magnetic flux density,

B, equals the remanent flux density, Br) and zero permeability at coercivity (when H equals

the coercive field strength, H., and B is zero). The magnetic permeability at the start of the B-

H curve is referred to as the initial magnetic permeability («ix). On the other hand, the maximum

magnetic permeability (umax) obtained from the origin is known as the maximum magnetic

permeability (umax). Lastly, the magnetic permeability measured for an applied alternating

magnetic field is termed as the AC magnetic permeability. Differential permeability is a

physical property that possesses greater utility, = 0B/0H.

A detailed investigation of the hysteresis curves of several ferromagnetic materials

allows us to divide them into two separate categories (Figure 1.4):

1.

substantial coercivities, often exceeding 10 kA.m! (previously 125.67 Oe), substantial
hysteresis core losses, and a wide hysteresis loop characterize retentive or hard
ferromagnetic materials. When the magnetic field is turned off, they retain their
magnetization and are utilized as permanent magnets.

Softferromagnetic materials have high permeabilities, low coercivities (often below 1
kA.m-1 or previously 12.567 Oe), low retentivities, minimal magnetic hysteresis core
losses, and short hysteresis loops. Due to their notable permeabilities, these materials
exhibit the ability to be magnetized by moderate magnetic fields and maintain a residual
magnetic induction upon the cessation of the magnetic field. Moreover, their low
coercivity obviates the need for a high reverse magnetic field to nullify the magnetic
induction. The extensive utilization of these materials as fundamental components in

electromagnets can be attributed to their wide-ranging applicability.
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Figure 1.4. B-H hysteresis loop for soft-ferromagnetic and hard-ferromagnetic materials. Adapted from

(6]
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1.2.3 Permeability

Permeability is a fundamental property of materials that describes their ability to allow
the passage of magnetic fields. It quantifies the material's response to the magnetic field by
indicating how easily it can be magnetized. Permeability is represented by the symbol p and is
typically measured in units of Henrys per meter (H/m) or Tesla meters per ampere (T-m/A). In
the context of electromagnetism, permeability is divided into two main categories: absolute
permeability (i) and relative permeability («). Absolute permeability (u) refers to the intrinsic
property of a material to conduct magnetic flux and is defined as the ratio of the magnetic flux
density or magnetic induction (B) to the magnetic field strength (/) in a vacuum.

Relative permeability (1) measures the magnetic response of a material compared to
that of a vacuum or free space. It is calculated as the ratio of the absolute permeability () of
the material to the permeability of free space (o), expressed as

Wr = Wito (1.5)
Relative permeability provides a way to compare how easily a material can be magnetized
compared to a vacuum. Materials with a relative permeability greater than 1 are considered
magnetically responsive, while those with a value less than 1 are diamagnetic and have a
reduced magnetic response. The value of permeability can vary significantly across different
materials. In general, magnetic materials such as iron, nickel, and ferrites exhibit high relative
permeability, making them excellent choices for applications requiring strong magnetic fields.
On the other hand, non-magnetic materials like copper and aluminum have a relative
permeability close to 1, indicating a minimal response to magnetic fields. Permeability is a
critical parameter in numerous electromagnetic applications, including transformers, inductors,
magnetic sensors, and magnetic shielding. By selecting materials with appropriate permeability
characteristics, engineers can optimize the performance and efficiency of these devices.
Additionally, the knowledge of permeability helps in analyzing magnetic circuits, calculating

magnetic forces, and predicting magnetic field distributions in various systems.

1.2.4 DCbias characteristics

The DC bias characteristics of a powder core inductor refer to its behavior when
subjected to a direct current (DC) bias or a steady-state current or saturation current (/sa). This
characteristic is of particular importance in applications where the inductor operates in the

presence of a constant or fluctuating DC current component, such as in power electronics and
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energy conversion systems. When a powder core inductor is exposed to a DC bias, several
factors come into play that can affect its performance. One such factor is the phenomenon of
DC bias saturation. Saturation occurs when the magnetic flux density in the core material
reaches its maximum limit, causing a significant reduction in inductance or permeability. The
L value is determined by the deteriorated inductance or permeability up to 30% from its initial
value. In powder core inductors, the design and selection of the core material play a crucial
role in determining the level of DC bias saturation. Compared to other core materials such as
ferrite, powder cores often exhibit improved DC bias characteristics. Figure 1.5 exhibited the
obvious comparison of DC bias curve between ferrite with concentrated air gap and the powder
core (FeSiAl) with distributed air gap. The ferrite can maintain the permeability closer to
unbiased value in the increasing of magnetic field or current load, but the permeability
plummeted as soon as the ferrite reach the saturation point. In contrast, the FeSiAl powder core
shows the slow deterioration of the permeability so that the saturation materials can be maintain
even when the magnetic field or the current load increases remarkably.

The combination of high permeability and low coercivity in powder core materials
allows them to withstand relatively high levels of DC current without saturating. This
characteristic makes powder core inductors suitable for applications that require operation in
the presence of substantial DC bias, such as power supplies and motor control circuits.
However, it is essential to consider the effects of DC bias on the inductor's performance.
Increased DC bias can lead to higher core losses, resulting in increased power dissipation and

reduced efficiency.
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Figure 1.5. DC bias curves for Ferrite and FeSiAl powder core. Adapted from [8]
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1.2.5 Powder core loss

The powder core loss of a powder core inductor refers to the energy dissipation that
occurs within the powdered magnetic core material when subjected to alternating magnetic
fields. This loss is an important consideration in the design and performance of inductive
components used in various applications, including power electronics and high-frequency
systems. Powder core materials exhibit relatively low core losses compared to other magnetic
core materials, such as laminated iron cores or ferrite cores. The unique microstructure of
powder cores, composed of small magnetic particles, contributes to their improved
performance in terms of core loss. The distributed air gaps between the particles reduce eddy
current losses and enhance the overall efficiency of the inductor.

The powder core loss primarily stems from two main mechanisms: hysteresis loss and
eddy current loss. Hysteresis loss occurs due to the magnetization and demagnetization of the
core material during each AC cycle. As the alternating magnetic field causes the core material
to undergo repeated magnetic reversals, energy is dissipated in the form of heat due to the
magnetic domain realignment process. The ability of powder cores to exhibit low hysteresis
loss is attributed to their unique composition and microstructure. Eddy current loss occurs when
an alternating magnetic field induces circulating currents, referred to as eddy currents, within
the core material. These eddy currents generate heat through electrical resistance, resulting in
energy dissipation. Powder cores address this issue by incorporating distributed air gaps that
restrict the formation and flow of eddy currents within the core material. When a ferromagnetic
material is exposed to an alternating magnetic field, it triggers an electromotive force (emf) in
volts, which in turn generates eddy currents. The power released per unit mass of the magnetic
material, known as Joule's heating or eddy current losses, is denoted as P. and is measured in
W/kg. These losses are also referred to as Foucault current losses. At low frequencies
(expressed in Hz), the magnetic flux completely penetrates the material, and the depth of
penetration is directly proportional to the square root of the reciprocal of the electrical
resistivity. In that case, for instance, the eddy-current losses in a ferromagnetic sheet can be
calculated by the following equation:

P. =(xlfBn)*/6p (1.6)
Where The equation provided represents the relationship between several parameters in the
context of eddy-current losses. P. denotes the eddy-current losses measured in watts per

kilogram, / signifies the thickness of the metal sheet in meters, f represents the frequency of the
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magnetic field (hertz, Hz), B, represents the magnetic field induction in tesla (T), and p is the
electrical resistivity measured in ohm-meters. At higher frequencies and with a constant flux
amplitude, the eddy-current losses predominantly occur inside a narrow surface layer of the

material, known as the skin effect. These losses are directly proportional to £*/2.

1.2.6 Powder core materials

Powder core inductors are classified into different types based on the soft-ferromagnetic
material used in their core and the application they are designed for. In the consideration of the
used material in a powder core, Figure 1.6 represents the range of permeability, magnetic

saturation, coercivity and the price of different materials for powder core.
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Figure 1.6. (a) Relationship between permeability and saturation magnetization, (b) Relationship

between price and coercivity from various soft-magnetic particles. Adapted from [9]

The types of powder core inductors and their development are described as follows:

1. Molybdenum Permalloy Powder cores (MPP) are produced from very fine particles of an
81% Ni, 17% Fe, and 2% Mo alloy [10]. The MPP core was initially introduced in 1940
with the primary purpose of compensating for capacitance in lengthy telephone lines [11].
MPP powder core inductors are best suited for power applications where a high level of
energy storage is required in a small size. This is because they have a high saturation flux
density, low core loss, and low temperature coefficient of inductance [8]. This makes them
ideal for use in power supplies, DC-DC converters, and audio circuits. One of the main
advantages of MPP powder core inductors is their excellent inductance stability after high
DC magnetization or under high DC bias circumstances. This is crucial in applications

where the inductor is subjected to high DC current or where the magnetic field must be
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held stable over a wide range of temperatures. MPP powder core inductors also have
magnetic saturation of 0.8 T and a relative permeability ranging from 14 to 550, which
allows them to handle a wide range of frequencies. Another advantage of MPP powder
core inductors is their high resistivity. This means that they are able to resist the flow of
electric current, which reduces energy losses and allows for more efficient operation. MPP
powder core inductors also have low hysteresis and eddy current losses, which means that
they are able to operate at high frequencies without generating excessive heat. However,
MPP cores are costly and limited in toroidal shapes compared to other cores. This can
make them less practical for certain applications where cost or shape is a factor.

2. High Flux Powder cores (HF) are produced from very fine particles of 50% Ni and 50%
Fe, which gives them unique magnetic properties compared to other types of powder core
inductors. Similar to MPP cores, HF cores are suitable for applications where high levels
of energy storage are required in a small size. In fact, they have a high magnetic saturation
up to 1.5 T and permeability ranging from 14 to 160, making them ideal for use in power
supplies, DC-DC converters, and audio circuits. One of the main advantages of HF cores
is their magnetic characteristics, which allow for the smallest size design with low core
loss, the best DC bias characteristics, and lower cost than MPP cores. This makes them
ideal for applications where cost, size, and efficiency are important factors. Additionally,
HF cores have excellent inductance stability after high DC magnetization or under high
DC bias circumstances. This is crucial in applications where the inductor is subjected to
high DC current or where the magnetic field must be held stable over a wide range of
temperatures. Moreover, HF cores have relatively low hysteresis and eddy current losses,
which means that they are able to operate at high frequencies without generating excessive
heat. This makes them suitable for high-frequency applications such as switch-mode
power supplies and radio frequency circuits. This core is also only available in toroidal
shape.

3. Sendust Powder cores are a type of powder core inductor that use an alloy of 85% Fe, 9%
Si, and 6% Al as its core. They were first invented in 1936 by researchers in Sendai, Japan,
with primary use cases in telephony [11] The name "Sendust" is derived from the
combination of Sendai and "dust" core. One of the key advantages of Sendust cores is their
affordability compared to other types of cores, making them a cost-effective alternative to
MPP and HF cores. They also offer a notable reduction in losses, which is a significant
benefit for applications that require high efficiency. Sendust cores have a saturated

magnetic value of 1 T and a permeability ranging from 26 to 125, which are comparable
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to other types of cores. Their relatively low permeability means they are suitable for use
in a wide range of applications, and their high saturation level allows them to handle high
currents without saturating, which can distort the output signal. Another advantage of
Sendust cores is their ease of handling and manufacturing. The absence of Ni in the alloy
makes them relatively cheap to produce, and they are also easy to shape into the desired
form.

4. TIron powder cores are are produced using pure Fe or FeC powder [12] and were firstly
invented in 1831. They were chosen owing to the magnetic saturation value of Fe which
is the highest among soft-magnetic material (2 T). One of the main advantages of iron
powder cores is their economic cost compared to other powder core types such as MPP,
HF, and Sendust. Additionally, they are highly flexible and can be shaped into many
different forms, making them ideal for a wide range of inductor designs. These factors
contribute to their popularity and widespread use. Iron powder cores have a saturated
magnetization of 1-1.5 T and a permeability ranging from 1-90, which makes them suitable
for use in various applications. However, one of the drawbacks of iron powder cores is
their relatively high core loss, which can be compensated for by using larger core sizes.
Moreover, this core requires a binder, typically epoxy, to isolate the grain particles, which
can cause magnetic properties to change over time with extended use.

5. Amorphous and nanocrystalline alloy powder cores were initially reported by Duwez and
Lin in 1967. They conducted rapid solidified method in obtaining Fe-P-C system [13].
Further, there is an interest in the use of Fe and Co-based amorphous alloys in the mid
1970. This led to the powder core which has excellent coercivity and saturation magnetic.
In 1988, researchers from Hitachi incorporated Nb and Cu additives into the production
process of amorphous alloys. Additionally, an annealing step was introduced. These
modifications resulted in the creation of small and closely distributed iron or cobalt-based
nanocrystals, approximately 10 nm in diameter, within the amorphous matrix. This
significant development marked the first generation of nanocrystalline alloys [14].
Furthermore, other nanocrystalline families based on the Fe-Si-B and Fe-Co systems were
developed [15,16]. The most common composition of Fe-Si-B system is
Fe73.5S113.5BoNb3Cuy, the first commercialized nanocrystalline alloy [17]. Regarding the
Fe-Co system, although it increases the saturation magnetic value from 1 to 1.2 T, and
extend the durability of the powder core, the manufacturing of this core is challenging
during impregnation and cutting process. Moreover, this core is relatively expensive in

comparison to the FeNi alloy.
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1.3 The advancement of the powder cores.

To maximize the magnetic characteristics of a powder core such as magnetic saturation,
permeability, high DC bias current, and low powder core loss, there are several strategies that
have been conducted by several researchers. The remarkable advancement strategies have been
reported. First, changing the particle size in a powder core. The magnetic properties of a powder
core, including its permeability and saturation level, depend on the shape and size of the core,
and the manufacturing process. Second, incorporating secondary material, which has smaller
size. The addition of the secondary particle in a certain amount can improve the magnetization.
Third, adding insulating material among particles. The coating material can improve the
resistivity of the particles, which reduces energy losses and improves efficiency. It can also
reduce eddy current losses, which can occur when a magnetic field induces a current in the core
material. Table 1.1 provides a comprehensive analysis of the alterations in magnetic properties

of powder cores that result from those strategies.

Table 1.1. Effect of the different enhancement strategies on the powder core magnetic
characterization

Strategy By H. u Ly P remark Ref.
reducing smaller size of particles
. . N N N 1 N . [18-22]
particle size enhanced the DC bias current
Incorporating secondary particles addition
secondary 1 N 1 N | improves the magnetic [22-26]
particles saturation and permeability

coated particles effectively
coating particles | N N N ! [27-31]
reduce the core loss

*Bs: Magnetic saturation; H.: coercivity, g permeability, /.. DC bias current, P: core loss

1.3.1  Reducing the particle size of the powder core

In the latest two decades, some researchers have reported the effect of the reducing
particle size on the magnetic characteristic of a powder core. A study conducted by Otsuka et
al. showed that the powder core made by different size of Fe-Si-B based particles using cold
pressing and sintering method holds different magnetic characteristics. The reducing size range

(<150 um and <45 um) and average diameter of the particles (ds 27 wm and duy 22 um)
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successfully enhanced the magnetic characteristic of the powder core, which was pointed by
the increasing of DC bias current characteristic (/s/) and the decreasing of coercivity and core
loss [18]. Similar result had been reported by Yabu et al., Fe-Si-B based powder was prepared
by annealing at 400 and 300°C resulted in particles size about 12.8 and 2.4 um. The changing
of the particles size from 12.8 to 2.4 um exhibited the increasing of the saturated magnetic and
DC bias current values. It is pointed that although the coercivity increased in the decreasing
particles size due to thinner oxide layer from the lower annealing temperature, the core loss
analysis showed a remarkable alleviation, indicating an overall enhancement on the powder
core properties [22].

Although it was reported that decreasing the particles’ size in the powder core showed
a significant improvement on the DC bias and core loss performance, the use of different
method in preparing the particles such as milling provided in increase on the core loss. Woo et
al. investigated different size of Fe particles with Fe above 98% containing ~0.01% Cu,
0.002% Pb, 0.005% Zn and some oxides. The particles' size was reduced by milling for 0, 20
and 40 h to result the particles with the size of 150, 50 and 30 mm, respectively. The study
represented the increase of DC bias current in the decreasing the particles size, the core loss
elevated due to the arising plastic and elastic deformation within individual particles during
long time milling [19]. It is also supported by other study that the decreasing of the particles
size yielded a constant magnetic saturation value, yet the increasing of coercivity. It also be
caused by the high stress and defect of the surface oxide owing to the milling time [21]. On the
other hand, a study using gas atomization method showed that the decreasing of Fe-Si-B based
particles with different size ranging from 81 to 20 um resulted in the decrease coercivity and
core loss [20]. These recent studies revealed that different particles’ preparation method can
change the magnetic characteristic of the powder core with respect to the magnetic saturation,
coercivity, permeability, and core loss. However, it is notable that the decreasing of the

particles size in a powder core led to the increasing of its DC bias current characteristic.

1.3.2 Incorporating secondary material

In the latest decade, the incorporating secondary particles (fine particles) into primary
particles (larger particles) in a powder core has been studied by some researchers. In general, this
strategy can improve the magnetic properties of the powder core by increasing the number of
magnetic domains within the core and reducing the demagnetization zone. This can lead to higher

magnetic saturation, permeability and lower losses, resulting in a more efficient core, as summarized
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in Table 1.1. In 2012, Kim et al. incorporating 3 um Fe patrticles into Fe-Si-B particles ranging from
25 to 53 um. The result indicated that the presence of the smaller particles increased the permeability
and decreased the core loss of the powder core [26]. The incorporation of secondary particles into
primary particles can increase the density and packing factor of the powder core, which leads to a
reduction in core losses. The smaller particles fill in the gaps between the larger particles, resulting in
a more uniform distribution of magnetic domains and a higher permeability. Furthermore, another
investigation was carried out by Li et al. to combine 50 um Fe-Si-B based particles and 15 um FeNi
particles. The use of FeNi powder with particles smaller than 15 pm results in an increase in saturation
magnetization from 157 to 165 emu/g, indicating favorable characteristics in terms of soft magnetic
properties. The addition of 15 wt% FeNi to the cores results in a 41% improvement in permeability,
accompanied by a decrease in core loss from 65 to 58 W/kg. The reduction in non-magnetic gaps and
improvement in permeability is achieved by the introduction of tiny particles of ferromagnetic
powder into the interstices of larger amorphous particles composed of Fe-Si-B [23]. Moreover, Yabu
et al. attempted to incorporate an appropriate amount of the secondary particles (Fe-Si-B powder 2.4
pum) into primary particles (Fe-Si-B 12.8 um), resulting an improvement the magnetic characteristics
of a powder core.

Recently, the utilization of the small particles of Carbon Iron Powder (CIP) as the secondary
particles as shown in Figure 1.7.(a) has been examined by some researchers, Xia et al. and Liu et al
[24,25]. suggested that an appropriate amount of CIP is necessary to increase the permeability and
decrease the core loss. Xia et al. conducted an investigation on the impact of the supplementary
quantity of CIP on the microstructural characteristics, densities, and magnetic properties of FeSiCr
powder. When the concentration of CIP was varied from 0 wt% to 50 wt%, notable changes were
seen in the relative density and magnetic permeability of the sample. Specifically, the relative density
increased from 75.9% to 84.9%, while the magnetic permeability experienced a significant rise of
92.7%. As the quantity of CIP increases, the rate of density growth for FeSiCr powder gradually
diminishes. Therefore, when the CIP content was added from 0 to 30 wt%, the core loss had reached
lowest point. However, the further increase of CIP resulted in the increasing of core loss because the
density of FeSiCr powder had become low, expanding the demagnetization zone.

Meanwhile, the study from Liu et al. revealed that the decreasing of the DC bias current is
caused by the high permeability. The effects of CIP content on soft magnetic properties of the Fe-Si-
B powder were investigated. The core losses exhibited a decrease with the rise in CIP content within
the range of 0 to 20 wt%. This phenomenon can be attributed to the reduction in average particle size

resulting from the increased CIP content (see Figure 1.7.(b)). In contrast, The core losses exhibited
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a quick increase when the CIP content ranged from 20 to 70wt%. This can be attributed to the
persistent reduction in resistance and the concurrent rise in coercivity. Overall, incorporating
secondary particles into primary particles with appropriate amount in a powder core can improve its
magnetic properties and make it a more efficient and effective component in electronic devices.
When only using the large particles, the magnetic poles between particles induced demagnetization
field, while the incorporating of small particles can cancel the magnetic poles to prevent the

demagnetization field, as shown in Figure 1.7.(c) [22].
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Figure 1.7. Incorporating secondary particles in a powder core: (a) SEM image of powder core comprises of FeSiCr
as primary particles and carbonyl iron powder (CIP) as secondary particles with various concentration; 1) Owt%, 2)
5wt%, 3) 10wt%, 4) 20wt%, 5) 30wt%, 6) 50wt%. (b) Effect of incorporating various concentration of CIP on the core
loss of the powder core. (c) schematic image of the cancellation of the demagnetization field caused by the secondary

particles. Adapted from [22,32]

17



Chapter 1: Introduction

1.3.3 Adding insulating materials between particles

In the recent years, a strategy with regards to the coating the particles of a powder core have
been investigated by using various coating materials. Coating the particles in a powder core can
have both positive and negative effects on the magnetic characteristics of the core. The coating
material can improve the resistivity of the particles, which reduces energy losses and improves
efficiency. It can also reduce eddy current losses, which can occur when a magnetic field induces
a current in the core material. Zhao et al. proposed 55 pm FeNi coated FeSi (FeSi@FeNi) particles
to be a powder core. The result indicated that the utilization of FeNi nanoparticles in the pressing
process is shown to be highly successful in bridging the voids between the larger FeSi powder
particles, resulting in a notable enhancement in the density of the magnetic powder core. When the
FeNi nanoparticle concentration reaches 15 wt%, a significant enhancement of approximately 44%
in permeability is seen, accompanied by a reduction in core loss of around 22.1%. However, it is
observed that the DC bias characteristic decreased due to increasing the permeability [27]. Other
coating material such as TiO; and MgO were also investigated by Zhou and Wu et al. The particles
coated by TiO» with concentration of 0.15 ml/g or MgO with the concentration of 0.5 wt% showed
exhibited significantly better stabilities at high frequencies, the more prominent DC-bias
performances, and the lower core loss compared to those of the uncoated cores [29,31].

Some researchers have also reported that SiO> is a good insulating material due to its
stability. Lai et al. and Sun et al. studied the effect of the shell thickness on the magnetic
characteristics of a powder core [28,30]. The increasing the SiO, shell thickness in FeNiMo
particles decreased the magnetic saturation value and increase the coercivity due to the thicker shell
that playing as air gap to serve demagnetizing field. Nevertheless, the coating particles can improve
the permeability and DC bias current and decrease the core loss. Similarly, applying SiO; as a
coating material to FeSiB particles also exhibited high DC bias current and low core loss, although
the coercivity increases. Overall, the effect of coating on the magnetic characteristics of a powder
core is dependent on the specific coating material and the manufacturing process used. It is
important to carefully consider the potential impact of coating on the core's performance before
implementing it in electronic devices. Among the coating materials, SiO2 hold the most prominent

property in the particle performance.

1.4 Synthesis of FeNi and FeNi@SiO, particles
According to the previous description, a powder core that primary made by FeSiB

particles are frequently used. An incorporating of a secondary particles is critical to increase
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the powder core performance. Among the soft-magnetic materials, FeNi is a prominent
candidate owing to its magnetic characteristic which has both high permeability and magnetic
saturation values. In general, the FeNi particles can be produced by several methods, including
solid phase, liquid phase, and gas phase. The synthesis method can be determined by the raw
materials which are used. In the case of the pure metal of Fe and Ni as a raw material, the solid
phase method is highly recommended owing to its simplicity. When the raw material is the
metal salt or the metal hydroxide of Fe and Ni, the most common method that has been used is
the liquid phase method. In order to get a certain size and individual spherical shape of FeNi
particles, the gas phase method is an alternative way due to its versatility in keeping the space
of each particle. Pure metal and metal salt can be used as the raw material in the gas phase
method. There are some different in the resulted particles characteristics as well as the process

advantage and disadvantage from the use of those three kind methods, which can be

summarized in Table 1.2.

Table 1.2. Features of three kind methods for synthesizing FeNi particles

raw reduction particle
method . erit pros cons ref
material agent characteristic
Solid phase:  Pure N/A Flakky, -easy in -need long
Ball mill metal lamellar, or controlling the time
(Fe, Ni) spherical composition of  -need pure
particles FeNi metal
. . . o [33-
(micron size) -simple process  -limited 37]
-less hazardous  particles
application
due to size and
shape
Liquid metal -hydrazine agglomerated -simple process  -need multiple
phase: salt -ethylene glycol and irregular  -versatile for steps
-chemical (FeCly, particles large production  -remained
presipitation  NiCl, (nano — liquid
-polyol etc.) micron size) byproduct [38—
-hydrothermal -limited 44]
reaction particles
application
due to size and
shape
Gas phase: -Pure -H> gas spherical and -easy in -need high
-gas metal -methoxyethanol individual controlling the temperature
atomization particles composition of  -wide range of
-vapor -metal (nano — FeNi particles in [45
deposition salt micron size)  -spherical & some cases =51]
-spray individual -need substrate
pyrolysis particle in some cases

-direct synthesis

-safety issue
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1.4.1  Solid phase method for synthesizing FeNi particles

Solid phase method for synthesizing FeNi particles refers to the reaction that proceed
in the solid state inside a grinder, i.e., ball mill. In general, the ball milling process involves
placing the pure iron and nickel powders into the ball mill along with a grinding medium, such
as steel or ZrO balls, as depicted in Figure 1.8(a). The ball mill is then rotated, causing the
grinding medium to collide with the powders and break them down into smaller particles. As
the powders are ground, they react with each other to form FeNi particles. This method of
synthesizing FeNi particles has several advantages. First, it easy to control the final product
with different composition of Fe and Ni in FeNi particles. Some researchers have successfully
produced FeNi with nearly same composition [33—35]. Moreover, even the higher composition
of Fe can be achieved according to some previous investigations [36,37]. Second, it is a simple
and cost-effective way to produce FeNi particles in large quantities. Third, the solid phase
method is less hazardous than methods that involve liquid or gas phases. However, there are
also some drawbacks in the use of this method. In terms of getting FeNi particles with specific
shape, i.e., spherical, and individual particles, the ball mill must be operated in a long time and
high rotation speed. The operation time is varying depend on the rotation speed, raw material
size, and the final composition of the product. For example, Gheisari et al. controlled the shape
of the final product from flaky to spherical shape with the diameter above 100 um by increasing
the rotational speed of ball mill from 200 to 500 rpm for 24 h, as shown in Figure 1.8(b-c).
However, the higher speed could not assure the spherical particles formation. Djekoun et al.
had only obtained the particles with lamellar shape even though high rotational speed and
longer time up to 200 h had been applied (refer to Figure 1.8(d)). Furthermore, the necessity
of the pure metal of Fe and Ni become a concern as well due to its availability which is less
abundance in comparison to the metal salt. In addition, this method typically produces the FeNi

particles with limited size and shape which make the particles application is limited.
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Figure 1.8. (a) Schematic image of FeNi particles prepared by using solid phase method. SEM images
of the FeNi particles with different shape: (b) flakes, (b) sphere, (c) lamellar. Adapted from [33,35]
1.4.2 Liquid phase method for synthesizing FeNi particles

Liquid phase method in synthesizing FeNi particles can be referred to the common
methods such as chemical precipitation, polyol, and hydrothermal reaction. The chemical
precipitation method is a multiple step process that involves the formation of a precursor
solution followed by the precipitation of FeNi particles [38]. In the first step, water-soluble
salts of Fe and Ni are dissolved in a solvent such as water, forming a precursor solution.
Furthermore, a reducing agent is added to the precursor solution, usually hydrazine, which
causes the reduction of the metal ions to their respective metals. The reducing agent reacts with
the metal ions, causing them to form a solid precipitate of FeNi particles. The second step is
filtration of the formed particles from the bulk liquid. The annealing process is generally used
as the final step of this method.

Similarly, the polyol method involves using a polyol, such as ethylene glycol, as the
solvent and reducing agent for the reaction [44]. The FeNi particles are formed through a multi-

step process that involves nucleation, growth, and aging. On the other hand, the hydrothermal
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reaction method involves using high pressure and temperature conditions, often above 200 °C,
to initiate the reaction. Figure 1.9(a) represents the schematic process to prepare FeNi particles
from metal salt by using hydrothermal reactor which is heated for 2-5 h. This high temperature
and pressure cause the formation of FeNi particles through a chemical reaction between the Fe
and Ni ions in the solution [41,43]. One of the advantages of the liquid phase method is that it
can produce FeNi particles with a narrow size distribution. Contrarily, the liquid phase method
often results agglomerated small particles and irregular shape that limits the application of FeNi,
as depicted in Figure 1.9(b-d). Another advantage is that the method is scalable and can be
used to produce large quantities of FeNi particles. However, it should be noted that the re by-
product The chemical composition of the FeNi particles can be tailored by adjusting the

concentration of the metal salts in the precursor solution and the type of reducing agent used.

(a)
Ni(NO3),-6H,0
Fe(NO;);:9H,0
N,H,-H,0
NaOH
H,0

Heating for 2-5 h

iz

e
T4 3% 500 nm

Figure 1.9. (a) Schematic image of FeNi particles prepared by using liquid phase method. SEM images
of the FeNi particles with different shape: (b) agglomeration, (b) flower-like, (c) irregular. Adapted from
[41-43]

1.4.3 Gas phase method for synthesizing FeNi particles

Gas phase method for synthesizing FeNi particles is conducted by using gas
atomization, electrolyte deposition, and spray pyrolysis. The gas atomization method can be
applied when the precursor is pure metal of Fe and Ni. Typically, the pure metal is melted using

heat induction followed by atomization using high-speed stream gas from nozzle to form small
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droplets. The droplets are solidified when they are carried by gas stream to the collecting
column. The process can be done by flowing an inert gas in a hot wall reactor at high
temperature, or flowing 50%H:2-Ar gas in a tube at lower temperature [45]. On the other hand,
Figure 1.10(a) shows the process of synthesizing FeNi particles via electrolyte deposition
method involving several steps. First, a substrate material is chosen, usually made of copper or
silica wafer coated by gold, and cleaned to remove any impurities. The cleaned substrate is
then immersed into an electrolyte solution containing Fe and Ni ions. An electric current is
then passed through the solution, causing the metal ions to be deposited onto the substrate. The
amount of metal deposited can be controlled by adjusting the current and deposition time [46].

Among the gas phase method, the spray pyrolysis method is a popular technique for
synthesizing nanoparticles due to its simplicity, scalability, and ability to produce particles with
controlled size, composition, and morphology [49,50]. The method involves spraying a liquid
precursor containing metal salts into high temperature reactor, causing the solvent to evaporate
and the metal salts to decompose, forming solid particles, as described in Figure 1.10(b). In
the case of FeNi particles, a solution containing Fe and Ni salts is used as the precursor. The
high-temperature furnace used in the spray pyrolysis method provides an ideal environment for
the decomposition of the metal salts, allowing for the formation of homogenous FeNi particles.
The particles produced using this method typically have a narrow size distribution and can be
easily tailored by adjusting the precursor concentration, heating temperature, and other
parameters. Spray pyrolysis was used to synthesize FeNi particles from an iron-nickel chloride
solution in a 100% H: environment, yielding smooth and spherical submicron particles
(average diameter 400-500 nm). However, there is a drawback in utilizing a 100% H» gas
environment as the reduction agent, which is dangerous. Another researcher has used
methoxyethanol as reduction agent. It has been shown to be a safer method for producing FeNi
particles. In this case, nickelocene and ferrocene are employed as raw materials in a 100% N>
environment. Nevertheless, this technique had some limitations such as a wide particle size

distribution, certain relic structures with rough surfaces.
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Figure 1.10. Schematic image and SEM of FeNi particles prepared by using gas phase method: (a)
electrolyte deposition method, (b) spray pyrolysis method. Adapted from [46,49,52]

1.4.4 Synthesizing FeNi@SiO, particles

The synthesis of silica coated FeNi particles (FeNi@Si0») is typically achieved through
a sol-gel method, in which the FeNi particles are synthesized at the first and followed by the
silica coating. Zhao et al. has reported that the as prepared nano-sized FeNi particles were
successfully coated by adding Tetraethylorthosilicate (TEOS) as the silica source following
Stober method. The shell thickness could be controlled between 3 and 9 nm. The addition of
the shell thickness affected to the decreasing of magnetic saturation value, but the permeability
was notably stable as the applied frequency increase. A similar trend has also been reported by
some researchers in the study of shell thickness effect of the nano-sized FeNi@SiO: particles
on the magnetic characteristic and stability [5S3—55]. The Stober method also can be applied for
coating the submicron- and micron-sized FeNi particles. Regarding sub-micron size, Yan et al.
coated the submicron-sized FeNi particles with the silica shell about 25 nm. In the application
of the microwave absorption, the FeNi@SiO: particles showed a higher permittivity than
uncoated FeNi particles [56]. For micron-sized FeNi@SiO: particles, Zhang et al. has made
the particles with nano-sized shell thickness to be applied for powder core inductor. It is pointed
that the addition of SiO coating on the FeNi particles significantly reduced the powder core
loss [57]. Other strategy has been conducted by Jiang et al. and Tang et al. which involves the

use of a silica precursor and a precipitating agent to result silica coated particles. This step
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resulted precipitated or xerogel that contains oxidated Fe and Ni. Thus, the annealing under
hydrogen atmosphere is necessary to be conducted at least 600 °C for 5 h [58,59]. Overall, the
silica coating via Stober method exhibits some advantages in controlling the shell thickness
and its simple process. However, an observable disadvantage from this method is the formation

of agglomerated particles, as shown in Figure 1.11.

Figure 1.11. Typical TEM images of the agglomerated FeNi@SiO; particles prepared by Stober method.

Adapted from [53,55,58]

1.5 Study of silica coated particles in gas phase method.

Since the synthesis of FeNi@SiO; particles via liquid phase is less favorable owing to
the agglomerated particles and its multi-steps, there is a keen in producing FeNi@SiO particles
via gas phase method. However, synthesizing FeNi@SiO: particles via gas phase route in one-
step process has not been done yet so far. Therefore, it is important to understand the silica-
coated particles formation in a single step through gas phase route from the other investigations.
Principally, the silica coated particles in one step process adapted the chemical vapor
deposition (CVD) phenomenon. it is important to change the core precursor in a solid phase
before the silica monomer from the gas phase silica precursor is generated. Once the core
particles are formed, the silica monomer can attach on the core particles surface due to chemical
vapor decomposition and/or scavenging. Otherwise, when the silica solid is generated at first,
the silica will become the core materials instead of the shell materials. To realize the CVD
process of the coating material onto the core material, the several assisting equipment have
been used such as hot wall, photoinduction, plasma irradiation, flame, and electrical beam.

These methods application is summarized in the Table 1.3.
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Table 1.3. Synthesis of the silica-coated particles in gas phase route according to the
previous researches.
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1.5.1  Synthesis of silica-coated particles by using hot wall reactor
1.4.1.1 Non-premixed precursors

The first synthesizing of silica-coated particles was conducted by Jain et. al. (1996), to
best of my knowledge [60]. Principally, this method attempts to produce silica-coated particles
by introducing the silica precursor (gas phase) onto the core particles (solid phase) in a
continuous flow inside the hot wall reactor. According to this definition, the spray pyrolysis is
included to the chemical vapor deposition. Here, the SiCls was used as the silica precursor for
coating TiO: particles in synthesizing silica-coated TiO» particles. Due to favored smooth
coating, some parameters were controlled, particularly: 1) high temperature (1700 — 1800 K);
2) large core particles surface area by increasing the particle number concentration (1x10° —

1x107 #/cm?); 3) low silica precursor concentration (2x107 — 2x1071° mol/cm?).

Table 1.4. Coating possibilities in terms of reaction rate and typical scavenging sintering times.

Coating mode Monomer Scavenging Sintering Coating quality
formation
Instantaneous Smooth
reaction : . (T>> 1)
(‘EI'XI'\ << Tres)
° * Rough
° [ ) (T << Tscav)

Constant
reaction rate

°
)
® o o o °
° °
(’CI')(FI 2 Tres) . .
Collision-limited |® .9 o © ¢ smooth
(r>> Tscav) o o e ° e

Constant
reaction rate : °.
(Trxn 2 Tres) ROUgh
Sintering-limited |® °
(T << Tscav) o o

Tres

To understand the temperature effect, the characteristic times is important to be
considered. Since the aerosol process is complex, the characteristic times determine the
different particle growth mechanism. There are 4 different characteristic times: 1) gas-phase
reaction time of the shell precursor (txn); 2) scavenging time (Tscav); 3) sintering time (1); 4)
residence time (Tres). The coating mechanism can be classified into two modes, which are
instantaneous reaction and constant rate reaction as described in Table 1.4. The sintering time
and scavenging time are the contributing the coating quality the most, the much higher sintering

time resulted in the smoother coating while the much higher scavenging time resulted in the
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rougher surface. In the low temperature of 1700 K, the constant reaction mode has taken place.
Silica monomer particles are continuously generated and increasing their number concentration.
Thus, it led to a higher scavenging rate of silica particles which affected the rougher coating.
The increasing of temperature to 1800 K can enhance the reaction rate resulted in a collision
between silica particles. Hence, the silica particles size was increasing, whereas the silica
concentration was decreasing. As a result, the scavenging rate occurred in early stages.

However, the large silica is less effective in scavenging which led to the thinner coating.
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Figure 1.12. Synthesis of silica-coated particles by using hot wall reactor.(a) Experimental apparatus
employed in gas-phase coating of TiO; particles with SiO,. (b) Schematic illustration of the in situ gas-
phase process for producing silica-coated titania powders. (c) TEM images of the silica-coated titania at
1300 and 1500 °C. adapted from [60,61]

Regarding the effect of the surface area of the core particles, the higher number
concentration of the TiO; particles (Na : 107 #/cm?), representing higher surface area, resulted
in more effective scavenging of silica particles. The net effect of the enhanced scavenging of
silica particles by the TiO; particles was counteracted by the dispersion of the total silica
volume across a greater surface area. Consequently, a rise in the numerical concentration of
titania particles, while holding all other variables equal, resulted in a reduction in coating
thickness. In contrast, it was observed that the thickness of the coating exhibited an upward
trend when the initial concentration of titania particles dropped. An analogous phenomenon
was noted when the initial concentration of titania particles remained fixed but the average

particle size was altered. Conversely, an elevation in the initial concentration of the reactant
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led to a corresponding augmentation in the thickness of the coating. The observed phenomenon
can be related to the accelerated creation rate of silica particles through the gas-phase
interaction, resulting to a greater concentration of silica particles. Consequently, this rise in
concentration has resulted in an elevated scavenging rate. The coating thickness experienced a
twentyfold rise when the inflow reactant concentration was increased by a hundredfold to 2x10°
7 mol/cm? particles at a temperature of 1800 K. Furthermore, when the intake concentration
was reduced by a factor of ten, there was a corresponding tenfold decrease in the coating
thickness.

A further discussion of the particle’s mechanism was clarified by means of the study of
silica-coated TiO> using the temperature of 1300 and 1500 °C from Powell et. al. (1997). The
experimental set-up and the schematic of silica coating is depicted in Figure 1.12(a-b). The
result shows that the temperature of 1300 °C case resulted in rough coating while that the
temperature of 1500 °C case resulted in smoother and denser coating surface (see Figure
1.12(c)). It can be explained that the coatings were acquired using particle scavenging and/or
chemical vapor deposition (CVD) processes at a temperature of 1300 °C. However, due to the
insufficient temperature, the sintering rates were low, leading to the formation of rough
coatings. At an elevated SiO2/TiO> ratio, there was an increased occurrence of particle
scavenging and/or CVD, leading to the formation of thicker coatings that exhibited a rough
surface texture. At a temperature of 1500 °C, the coatings exhibited enhanced densification due
to the accelerated rates of sintering. These cases can be illustrated in Figure 1.13.

Nevertheless, the augmentation of the mass loading of SiCls did not result in a
corresponding increase in the thickness of the coating. In contrast, a greater amount of SiCl4
underwent gas-to-particle conversion, leading to the creation of particles that exceeded the size
threshold for scavenging and/or sintering into the coating. Hence, by manipulating the rates of
particle growth and scavenging/chemical vapor deposition (CVD) of silica, it is possible to
achieve thicker coatings at a temperature of 1500 °C. This can be accomplished, for example,
by augmenting the concentration of titania particles. The enhanced smoothness of silica
surfaces seen with increased dilution gas quantities can be attributed to improved mixing
resulting from higher gas velocities at the injection probe input, as well as reduced SiCls
concentrations in the reactor. A reduction in the concentration of SiCls would lead to the
generation of SiO; particles of smaller size through the process of gas-to-particle conversion.
The smaller silica particles exhibit increased mobilities and sintering rates. Consequently, the

TiOz particles exhibit enhanced scavenging capabilities, resulting in more efficient removal of
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impurities. Furthermore, during the sintering process, these particles facilitate the formation of
smoother coatings.
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Figure 1.13. Proposed coating mechanism for the silica-coated TiO, system and for reactor

temperatures (a) 1300 and (b) 1500 °C. Adapted from [61]

1.4.1.2 Premixed precursor

Basak et. al. (2010) demonstrated the synthesis of silica-coated Fe2O3 using premixed
CVD. Figure 1.14 described the experimental set-up of the premixed CVD. In this study, Pure
Iron pentacarbonyl (IPC) and pure 1,1,3,3-tetramethyldisiloxane (TMDS) were employed as
reactants. A mixture of IPC and TMDS in a 1:1 volume-to-volume ratio, prepared in advance,
was introduced into the furnace reactor using N gas as a carrier. The decomposition of the

reactants took place within a temperature range of 400 to 1400 °C.

1-200 ccm  MFC

SMPS
HV DC Power
Carrier Gas Supply (+10kV)
(N:)
3-20 Ipm N PSS N e PN G .
U Pl S ot Ykl ESP
- _: Furnace Acrosol
Reactor (FUAR)
Water
Saturated N, Exhau,sl

Water

30



Chapter 1: Introduction

Figure 1.14. Experimental setup to synthesize nanocomposite materials in a single step by furnace
aerosol reactor. Adapted from [68]

The study suggests the production of a core-shell type nanocomposite, specifically for a binary
system of premixed precursors. This nanocomposite is characterized by the presence of chemically similar
cores and shells, with the core composed of oxide AxOy and the shell composed of oxide B,Oq. The
precursors used in this system have significantly different decomposition rates, with one precursor (A)

having a much higher rate (ka) compared to the other precursor (B) (ka > kg) or vice versa (ka <kg). When

ka is significantly larger than kg, the nanocomposite consists of a core composed of AxOy and a shell
composed of B0y, as illustrated in Path-I of Figure 1.15. The production of AxOy particles occurs prior to
the formation of B,Oq4 due to the comparatively elevated rates of oxidation exhibited by precursor Pi. Upon
its formation, the AxOy vapor undergoes fast nucleation, which is subsequently followed by an increase in
particle size by collisions and sintering processes. The subsequent creation of B,Oq occurs as a result of
chemical breakdown following the rise of AxOy. Heterogeneous nucleation of ByOq may occur on the
surface of pre-existing AxOy nanoparticles. Ultimately, in the downstream regions of the furnace, the
nanocomposite undergoes a sintering process, resulting in the formation of a homogeneous core-shell shape.
Similarly, it is possible to produce chemically equivalent B,Oq4 covered with AxOy by carefully selecting
appropriate precursors, as illustrated in Path-III of Figure 1.15, where the ratio ka > ks. A chemically

different mixed morphology is hypothesized for the degradation of premixed precursors with comparable
decomposition rate constants (ka = kg), as illustrated in Path-II of Figure 1.15. The simultaneous synthesis
of both AxOy and B,Oq occurs due to their comparable relative decomposition kinetics, subsequently leading

to the creation of a nanomaterial consisting of a mixture of oxides.
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Figure 1.15. Reaction kinetics-based AQy/BsO4 nanocomposites synthesis mechanism from premixed precursors P4
and P.. This work uses IPC and TMDS as P; and P, Fe;03 and SiO; as AOyand BO,. Adapted from [68]
1.5.2 Synthesis of silica-coated particles by using photoinduced assisted hot wall

reactor

Boies et. al. (2009) studied the synthesis of silica-coated silver particles via photo-CVD
as shown in Figure 1.16. The process of photoinduced chemical vapor deposition (photo-CVD)
was employed to coat gas-phase silver nanoparticles with silicon dioxide (SiOz). The study
involved subjecting silver nanoparticles, synthesized by inert gas condensation, and a precursor
of Si0; labeled tetraethylorthosilicate (TEOS), to vacuum ultraviolet (VUV) radiation under
atmospheric pressure conditions, while manipulating the temperatures. The vacuum ultraviolet
(VUV) photons induce the dissociation of the tetraethyl orthosilicate (TEOS) precursor,
thereby commencing a chemical reaction that leads to the formation of silicon dioxide (SiOz)
coatings on the surfaces of the particles. The resulted particles have diameter of 40 nm with
the coating thickness of 0.5-11 nm.

By controlling several parameters such as temperature, silica precursor feed rate, and
N2 gas rate for diluting the silica precursor, the difference on the coating behavior is obtained.
In the case of the temperature, individual spherical particles can be obtained by employing
temperature of 300 - 400 °C. When the temperature exceeds 600 °C, the homogeneous
nucleation has taken place, resulted in separated silica particles generation. In the increasing of
the TEOS feed rate, the shell thickness increased proportionally. Compared to the elevating N2
gas rate, the silica thickness increased considerably. Regarding the number of silver particles,
adding the number of particles from 10° to 107 caused the coating performance was more

uniform.
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Figure 1.16. Schematic of the photo-CVD coating reactor. Adapted from [62]
1.5.3 Synthesis of silica-coated particles by using plasma microwave irradiation
Dasgupta et. al. (2020) tried to make silica-coated silicone particles. Here, they used
three type of silica precursors, i.e. tetracthyl orthosilicate (TEOS), hexamethyldisiloxane
(HMDSO) and octamethylcyclotetrasiloxane (OMCTS), while the SiH4 was used as the
silicone core precursor. As can be seen in Figure 1.17, the principal mechanism is similar to
the furnace reactor. The solid core particles of silicone were produced at first by using plasma
microwave irradiation before it was introduced by silica precursor. The resulted particles was
around 58 nm in diameter with the coating thickness ranging from 4 to 6 nm. It was found that
tetraethyl orthosilicate is favored for thin layers consisting of almost pure silica while
hexamethyldisiloxane and octamethylcyclotetrasiloxane (OMCTS) coatings contained
reasonable amounts of hydrocarbons. Moreover, OMCTS showed a pronounced tendency
towards homogeneous nucleation, thus leading to the additional formation of silica NPs due to
homogeneous nucleation. In this report, the specific surface area (SSA) of the synthesized
particles were measured. It revealed that the higher SSA might indicate the homogeneous
nucleation which resulted in the fine particles formation of the silica since the dense silica-
coated Si particles possessed a low SSA. The investigation of the chemical composition of the
silica layer revealed that the TEOS-based coating was almost free from carbon while HMDSO-
and OMCTS-based coatings contained up to 21% of carbon, which could be identified by
means of FTIR spectroscopy and XPS. Experiments with higher concentrations of HMDSO
indicated that its tendency towards homogeneous nucleation is slightly reduced compared to

OMCTS. Thus, it was possible to achieve coating thicknesses of more than 10 nm. The
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experiments clearly showed that the in-line coating of pristine NPs within the plasma afterglow

works well.
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Figure 1.17. Reactor setup used for experiments consisting of quartz tube, plasma nozzle, microwave
plasma zone, and coating nozzle located at a distance of 440 mm above the plasma nozzle. Adapted

from [63]

Another plasma assisted CVD method was done by Post et. al. (2018), as described in
Figure 1.18(a-b). A plasma-enhanced CVD coating process with air was used to produce core-
shell particles. Two different coating precursors, TEOS and HMDSO, were used at different
temperatures during coating. Differences in the coating morphologies were visible in TEM
micrographs for the different combinations of core material, precursor and temperature. While
TEOS on Pt or Au resulted in mostly homogeneous coatings, HMDSO formed eccentric
coatings on these particles as shown in Figure 1.18(c). For titania particles coated with TEOS
at 24 °C, much of the coating material was collected in the inner parts of the aggregates. The
particles average diameter around 20 nm for Au particles. In the case of TEOS, the increasing

of furnace temperature in the silica coating zone made the coating thickness is thicker at 200

°C than that of 24 °C.
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Figure 1.18. Silica coating after plasma-assisted coating. (a) Experimental apparatus. For the core
particles, two distinct aerosol generation techniques were used: a spark discharge generator for metals
(Pt or Au) (a) and an atomizer for titania (b). The precursors for the coating were TEOS and HMDSO. (c)
Gold coated with TEOS and HMDSO. Adapted from [64]
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1.5.4 Synthesis of silica-coated particles by using flame reactor

Teleki et al. (2008, 2009) used hexamethyldisiloxane (HMDSO) as the SiO; precursor
in the flame spray pyrolysis technique to exhibit hermetically coating of Fe:O3@SiO2 and
TiO2@Si02 with silica as the shell [65,66]. This gas phase method resulted in a mostly
homogeneous coating thickness of approximately 2-4 nm, which has good stability through the
isopropanol chemisorption and the photooxidation of isopropanol to acetone analysis. The
effect of mixing intensity on product particle morphology was investigated by varying the exit
velocity or the number of jet outlets for HMDSO-laden N> gas. At high mixing intensity
between the TiO; aerosol and the HMDSO-laden jet streams, the particles were encapsulated
by smooth and homogeneous coatings, 2-4 nm thick. Poor mixing between HMDSO vapor and
TiO2 aerosol along with higher temperatures that accelerated SiO; formation in the gas phase
resulted in separate SiO, and poorly coated TiO, particles.

Buesser et. al (2010)[69] Smooth coatings were formed primarily by deposition of
freshly formed SiO2 monomers and sintering of small SiO> clusters and to a lesser extent by
surface oxidation of HMDSO on the TiO; core particles. The concentrations of core aerosol
and coating precursor vapor (here HMDSO) had the strongest influence on coating efficiency
and shell texture in agreement with the literature. Bigger core particles, at constant production
rate, lead to lower coating efficiency. Increasing the coating weight fraction hardly influences
the coating efficiency and leads to proportionally higher total coating thickness, but also to
rougher coating shells. Low concentrations of coating precursor vapor and high concentrations
of core particles lead to high fractions of smooth shells and high coating efficiency. The
thickness of these smooth shells could be increased by multiple injections of coating precursor

vapor at low concentrations in series, building up smooth coating shells layer-by-layer.
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Figure 1.18. Flame assisted reactor of synthesizing silica-coated particles by using torus ring with 8 jet

outlets for introducing HMDSO as the silica source. Adapted from [70]

1.6 Challenges in synthesizing FeNi and FeNi@SiO, particles via gas phase method for
powder core inductor

1.6.1  One-step synthesis of submicron-sized FeNi and FeNi@SiO, particles

The gas phase method of synthesizing submicron-sized FeNi and FeNi@SiO: particles
is a complex process that involves several challenges. Among gas phase methods, spray
pyrolysis has provided an excellent reduction atmosphere. Typically, to get a pure FeNi alloy
from its metal salt using this method needs reduction gas such as H» gas. Therefore, an
alternative reduction agent which is safe and cost effective is required. Some researchers have
employed ethanol, ethylene glycol, or formic acid to produce a pure metal particle such as Ni,
Ag and Cu. Regarding the synthesis of pure Fe particles, it requires high reduction atmosphere.
However, when the high concentration of ethanol is applied to replace the use of 100% H> gas,
the formation of FeC and carbon nanoparticles are occurred owing to the catalytic performance
of Fe particles in resulting carbon [71]. So far, there is no study that successfully produce FeNi
particles by applying some alternative reduction agents. In addition, to obtain FeNi@SiO:

particles in a direct process via gas phase method, the FeNi source and the SiO2 source must
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be introduced in appropriate condition. It is required that the FeNi source is in a solid state and
the SiO2 source in a vapor state and an intense mixing between both sources. Thus, some
development in setting up the spray pyrolysis equipment is necessary such as adding the
heating system for providing a solid core particle as well as determining a tool for introducing
the vapor of SiO; source. The coating process can be proceeded by heterogeneous nucleation
and the scavenging of the SiO: clusters on the FeNi particles which is dependent on the

temperature, the precursor concentration, and the mixing performance between precursors.

1.6.2 Computational Fluid Dynamic for silica-coated particles synthesized via the
aerosol route

Computational fluid dynamics (CFD) plays a crucial role in understanding the behavior
of silica-coated particles synthesized via the aerosol route. The aerosol route involves the
production of fine particles suspended in a gas medium, making it essential to analyze the fluid
dynamics governing their deposition and coating processes. By utilizing CFD models, the
complex interactions between the aerosol particles and the surrounding gas phase can be
accurately captured. The CFD simulations help in understanding the transport phenomena, such
as particle dispersion, diffusion, and advection, which influence the particle deposition and
coating [69,72]. The fluid flow patterns, including velocity profiles, turbulence, and pressure
gradients, are analyzed to identify regions of particle aggregation and deposition. Moreover,
CFD simulations aid in predicting the particle trajectory and residence time within the aerosol
reactor. This information is vital for determining the optimal conditions for achieving uniform
coating thickness and preventing nanoparticle generation. Additionally, CFD models assist in
studying the heat and mass transfer phenomena during the coating process. By considering the
thermal and chemical properties of the gas phase and the particles, researchers can evaluate the
temperature distribution, reaction rates, and species concentration profiles. These insights
contribute to controlling the growth kinetics and the quality of the silica coating.

To perform the momentum transport in the CFD simulation, there are several models
that can be applied depend on the specific class of problem, level of accuracy, the amount of
time available for the simulation. There are two common approximations which provides
reasonable prediction for the fluid mechanics calculation. First, The Reynolds-averaged
Navier-Stokes (RANS) equations govern the transport of the averaged flow quantities, with the
whole range of the scales of turbulence being modeled. The RANS-based modeling approach

therefore greatly reduces the required computational effort and resources. An entire hierarchy
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of closure models are available in ANSYS FLUENT software including Spalart-Allmaras, k-¢
and its variants, k- and its variants, and the Reynold Stress Model. The RANS equations are
often used to compute time-dependent flows, whose unsteadiness may be externally imposed
(e.g., time-dependent boundary conditions or sources) or self-sustained (e.g., vortex-shedding,
flow instabilities). Second, Large Eddy Simulation (LES) provides an alternative approach in
which large eddies are explicitly computed (resolved) in a time-dependent simulation using the
"filtered" Navier-Stokes equations. The rationale behind LES is that by modeling less of
turbulence (and resolving more), the error introduced by turbulence modeling can be reduced.
Although the LES has specialty to give a good prediction in unsteady calculation, it must be
noted that this model requires more expensive calculation. Regarding the energy equation in

CFD, it is estimated by following Eq. (1.7).
ad - =4 = -
where ksr is the effective conductivity (k+kz, where At is the turbulent thermal conductivity,

defined according to the turbulence model being used), and ]: is the diffusion flux of species
Jj. The first three terms on the right-hand side of Eq. (1.7) represent energy transfer due to
conduction, species diffusion, and viscous dissipation, respectively. S, includes the heat of
chemical reaction, and any other volumetric heat sources you have defined. For the
determination of the particle’s simulation, there are two approaches for the numerical
calculation of multiphase flows: the Euler-Lagrange approach and the Euler-Euler approach.
Since the system for synthesizing FeNi and FeNi@SiO; particles involves the particles that is
highly dispersed to a fluid volume of the primary phase, the Euler-Lagrange approach can be
chosen. In this model, the fluid phase is treated as a continuum by solving the Navier-Stokes
equations, while the dispersed phase is solved by tracking a large number of particles, bubbles,
or droplets through the calculated flow field. The dispersed phase can exchange momentum,

mass, and energy with the fluid phase [73].

1.7 Objective and Outline of the dissertation
Keeping in mind the urgency of the sustainability, we aimed to synthesis particles for
the advancement of powder core inductor by dealing with the following considerations:
1. A one-step and harmless process
2. Particles with high packing density
3. Particles with high magnetic characteristic
4

. Particles with high DC bias characteristic
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5. Particles with low core loss

Therefore, in this dissertation, we prepared spherical and submicron-sized FeNi and
FeNi@SiO: particles via spray pyrolysis method. Firstly, the spherical and submicron-sized
FeNi particles by applying alternative reduction agents to achieve the first objectivity. Secondly,
the optimization of the experimental condition to obtain the particles with high density and
magnetic characteristic. Finally, synthesizing the FeNi@SiO> particles with high coating
performance to reduce the core loss of a powder core. This dissertation is divided into five
chapters, the content of which is briefly described below.

Chapter 1 elaborated the motivation and background of the development of soft-
magnetic particles for the inductor, including the recent trends, basic theoretical explanation,
several synthetic strategies to synthesize silica-coated particles with the desired structure, and
the numerical approach in synthesizing silica-coated particles.

Chapter 2 focused on the selection of a reduction agent to synthesis FeNi particle via
spray pyrolysis method. The morphology, structure, and the crystal structure of the FeNi
particles from the use of ethanol, ethylene glycol, and formic acid as a reduction agent with
various concentration were compared. The most prominent reduction agent is determined by
the most effective reduction agent in yielding the spherical and submicron-sized FeNi particles
with dense structure.

Since a powder core inductor needs submicron-sized FeNi particles with high density,
Chapter 3 aimed to control the structure and density of the FeNi particles from hollow (low
density) to dense (high density) by manipulating the reactor temperature and the carrier gas
flow rate. The increasing the reactor temperature and decreasing carrier gas flow rate resulted
in the FeNi particles with dense structure and high density. To prevent the formation of
unfavored carbon impurity, the performance analysis of the FeNi particles in a powder core
application was focused on the temperature of 1200°C and the carrier gas flow rate between 5
and 1.3 L/min. This investigation revealed that the suppression of the hollow structured FeNi
particles could enhanced the DC bias characteristic of a powder core inductor with
improvement on the saturation current value.

Chapter 4 attempted a direct synthesis of the FeNi@SiO; particles via spray pyrolysis
in various equipment design, i.e. T-shaped and swirler types, to introduce the
Hexamethyldisiloxane (HMDSO) as a silica source onto the FeNi aerosol. The CFD simulation
was conducted to perform a mixing performance between the HMDSO and FeNi aerosol. The
coating ratio and the level of formation of undesired nanoparticles attributed to the free silica

were calculated through TEM analysis images by comparing the connector types. Furthermore,
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the performance of FeNi@SiOz particles was compared to that of FeNi particles. It is projected
that the use of FeNi@SiO: particles in an inductor result in significantly higher saturation
current values and lower current loss than the use of FeNi particles.

Chapter 5 summarizes the general conclusions of all chapters and the future

development of this research.
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Chapter 2

Direct synthesis of submicron FeNi particles via spray pyrolysis using various
reduction agents

Abstract

Preparing spherical and submicron FeNi particles in a simple, rapid, and harmless
process is highly desirable for various applications yet severely challenging. Herein, we
successfully synthesized the FeNi particles from their metal salts in a relatively low
reduction atmosphere using three types of reduction agent, i.e., ethanol, ethylene glycol, and
formic acid, via spray pyrolysis. The reduction agents were tested over a concentration range
of 0-30 vol%. The type and concentration of reduction agents show a crucial role in the
formation of FeNi particles. At higher concentrations (25 vol%), ethanol and ethylene glycol
produced smooth and spherical FeNi particles of submicron size, 284 + 1.6 and 399 + 1.5 nm
respectively, whereas formic acid produced particles with an irregular and Janus shape
comprising FeNi and FeO, with a size of 396 £ 1.5 nm. A plausible metal salt reduction
mechanism was proposed for the different reduction agents. The reduction agent type not only
influences the reduction degree but also particle morphology during synthesis. This finding
opens new opportunities to adjust the FeNi particles with respect to varied purposes by

manipulating reduction agents.

Published in part in Advanced powder technology 32, 11, 4263 — 427
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2.1 Introduction

Permalloy particle is an iron and nickel alloy (FeNi) particle that is used extensively in
the production of inductors, transformers, catalysts, and biomedical applications because of its
high magnetic density and low coercivity properties [74—76]. Magnetic properties are generally
influenced by particle morphology|[77], size, crystallinity, and purity [78]. In terms of particle
morphology, spherical shape provides superior packing density in comparison to irregular
shape. Moreover, since this shape does not have sharp edges, it is less prone to damage other
materials [79-81]. Regarding the particle size, it is also important because it has strong
influence on their magnetic behavior in external magnetic fields [82]. So far, the advantage of
magnetic nanoparticles (below 100 nm) has begun to be considered by a few commercial
manufacturers, but in fact, there are still practical problems in handling processes [83] and
maintenance costs [84]. Based on this background, recently, size controllable spherical particle
in hundreds nanometer (submicron-sized) is more desirable from an industrial perspective than
irregular and micro/nano-meter size.

FeNi particles have been produced by liquid phase methods (e.g., chemical solution
[38], hydrothermal [42]), solid phase methods (e.g., mechanical milling [33][33]), and gas
phase methods (e.g., vapor deposition [46], gas condensation technique [47], hydrogen plasma-
metal reaction [85], spray pyrolysis [49,52]). Spray pyrolysis is one such method, recognized
as an effective strategy for producing submicron sized particles with a smooth surface and
spherical shape in a one-step process at large scales [86—88]. The method comprises droplet
generation, solvent evaporation, and reaction to product. It allows for easy control of particle
size and morphology, e.g., making spherical, dense, hairy, porous, or hollow particles in
nanometer to micrometer sizes [81,89,90]. To date, spray pyrolysis has been successfully used
to synthesize CuS [91], Ni [92], Cu [93,94], Ag [88], and AgCu [95] metal submicron particles
that are spherical. However, its application to the synthesis of the FeNi particles has been
limited.

FeNi particles have been fabricated using an iron-nickel chloride solution in a 100% Ha
atmosphere via spray pyrolysis, which yielded smooth and spherical submicron particles
(having an average diameter between 400 and 500 nm) [52]. However, using an atmosphere of
100% Ha> gas as the reduction agent is a safety issue. Methoxyethanol has been demonstrated
as a safer route for the synthesis of FeNi particles [18]. Here, nickelocene and ferrocene are
used as raw materials in a 100% N> atmosphere. The drawbacks of this process included (i)

wide particle size distribution, (i1) some relic structures with rough surfaces, and (iii) relatively
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expensive precursor materials. Therefore, the synthesis of FeNi particles via this route should
be adjusted to improve its effectiveness, potentially by considering the other solvents as the
reduction agent.

Ethanol, ethylene glycol, and formic acid are economical reduction agents that have not
been investigated with respect to FeNi particle production via spray pyrolysis. Therefore, this
paper investigates the effect of those reduction agents and their concentration on FeNi particle
morphology and composition. This is the first investigation that focuses on the role of reduction

agents in the production of submicron FeNi particles using spray pyrolysis.

2.2 Material and methods

Figure 2.1 shows the experimental setup of the spray pyrolysis system used for
synthesizing FeNi particles. The precursor solution was prepared by mixing Fe(NO3);.9H>0
and Ni(NO3)2.6H,O (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), so that the
total concentration was 0.1 mol/L with a molar ratio of 1:1 in ultrapure water both with and
without the reduction agent. The reduction agent sources were 98% formic acid (Kanto
Chemical Co., Inc., Tokyo, Japan), 99.8% ethanol (Japan Alcohol Corporation, Tokyo, Japan),
and 99% ethylene glycol (Sigma-Aldrich, Tokyo, Japan). The solution droplets were generated
using an ultrasonic nebulizer at 40°C (1.7 MHz, NE-U17, Omron Healthcare Co., Ltd., Kyoto,
Japan) and were transferred by a carrier gas (5%-H>/Ar) into a horizontal tubular reactor with
a length of 1280 mm and inner diameter of 20 mm. The reactor was maintained at a constant
temperature of 1200°C by five electrical tubular furnaces. The temperature distribution in the

reactor was measured and is illustrated in Figure A.S1 (Supporting Information).
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Figure 2.1. Experimental setup of spray pyrolysis system used to synthesize FeNi particles.

The carrier gas flow rate was 5 L/min. The residence time of the precursor droplets in
the reactor was 4.9 s; assuming the droplets and carrier gas have the same velocity. The product
was collected in a bag filter that was kept at 150°C to prevent water condensation. Pre-
treatment and post-treatment steps in the reactor were performed by flowing N> gas at 5 L/min
for 20 min to remove oxygen from the reactor. The solvent-reduction agent conditions used to
produce the FeNi particles are given in Table 2.1. The impact of temperature changes on FeNi
particle synthesis was investigated to determine the optimum operating temperature; the
experimental conditions and the results are summarized in Table A.S1 and Figure A.S2

(Supporting Information), respectively.

Table 2.1. Experimental conditions used to synthesize FeNi particles by different reducing agents.

Reduction agent

Sample name Solvent-Reduction agent concentration
(vol%)
ET10 10
ETIS 15
ET25 Water-Ethanol (ET) 25
ET30 30
FA10 10
FA15 ) : 15
FA25 Water-Formic Acid (FA) 75
FA30 30
EGI10 10
EGI15 15
EG2S Water-Ethylene Glycol (EG) ’5
EG30 30

The morphology and structure of the particles were observed using field emission
scanning electron microscopy (FE-SEM; S-5200, 20 kV, Hitachi High-Tech. Corp., Tokyo,
Japan) and transmission electron microscopy (TEM; JEM-2010, 200 kV, JEOL Ltd., Tokyo,
Japan). The crystal structure was determined using X-ray diffraction (XRD; D2 PHASER,
Bruker Corp., Billerica, MA, USA). Quantitative analysis for measuring the mass fraction of
the crystalline phases was performed by Rietveld analysis using TOPAS software [96]. The

atomic distribution of the particles was examined using energy dispersive X-ray spectroscopy
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(EDS) equipped with FE-SEM. Thermogravimetric analysis (TGA) was conducted using a
TGA instrument (TGA-50/51 Shimadzu Corp., Kyoto, Japan) by applying a 50 mL/min flow
of 5% H»-N> at a heating rate of 10°C/min. To support the proposed mechanism of FeNi particle
formation, the reduction agent decomposition simulation based on fluid dynamics was
performed using Ansys Fluent software embedded in workbench 2021 R1. The simulation

details are given in the Supporting Information.

2.3 Results and Discussion
2.3.1  Effect of reduction agent types on the FeNi particle synthesis

Figure 2.2(a) shows the crystal structure of FeNi particles synthesized by the three
different reduction agents, i.e., ethanol, ethylene glycol, formic acid, at a concentration of 25
vol%. Three main diffraction peaks centered at 26 values of approximately 43.9°, 50.9°, 74.8°
appear in the patterns of all particles, which are attributed to diffraction from the crystal planes
of face centered cubic (fcc) FeNi (JCPDS No. 47-1405). However, when using formic acid,
FeO (Fe1xO and Fe304) phases were also seen in the XRD patterns. This is explained by the
different reduction agents having different H> conversions as follows.

Ethanol with steam [97]:

C2Hs0H +3 H,O —» 2 CO; + 6 H2 (2.1)

Ethylene glycol with steam [98]:

C:H4(OH):+2 H,O —- 2 CO2 + 5 Ha (2.2)

Formic acid thermal decomposition [99]:

HCOOH — H + CO, (2.3)

Stoichiometrically, ethanol and ethylene glycol have more hydrogen than formic acid.
Assuming that the reactions shown in equation (2.1), (2.2), and (2.3) were completed, the
theoretical volume concentration of hydrogen gas (based on the total hydrogen gas/carrier gas
vol/vol) with 25 vol% of ethanol, ethylene glycol, and formic acid were 10.7, 10.0, and 6.5
vol%, respectively.

The influence of reduction agent concentration on the crystal structure of FeNi particles
is described by the XRD patterns in Figure A.S3 (Supporting Information). Rietveld analysis
on the XRD patterns is used to determine the mass fraction of components in the synthesized
FeNi product, the results are summarized in Figure 2.2(b). The generated particles were less
than 10 wt% FeNi in the absence of a reduction agent. This mass fraction increased

significantly with the addition of reduction agents. An ethanol concentration of 10 vol%
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increased the mass fraction of FeNi to approximately 90 wt%, which is much higher than
ethylene glycol (64 wt%) and formic acid (56 wt%) at the same concentration. When the
reduction agent concentration was increased to 15 vol%, the mass fraction of FeNi in the
presence of ethanol and ethylene glycol increased, but there was little change with the increase
in formic acid. Above a reduction agent concentration of 15 vol%, the metal salt precursor is
completely reduced to FeNi in the presence of ethanol and ethylene glycol. Conversely, the
conversion of FeNi particles is still low for formic acid at approximately 60 wt%.

The conversion of FeNi is related to the H> gas generated by the reduction agents, and
this is shown in Figure 2.2(c). The slope of the ethanol and ethylene glycol curves indicates
the generated H» gas increases sharply with reduction agent concentration. Inversely, a shallow
slope of H> gas production is observed when formic acid concentration increases.
Consequently, FeNi formation does not proceed significantly, which results in iron oxide
(Fe3sO4 and FeixO) formation. A similar result was also obtained for the synthesis of Ni
particles from Ni salt reduction via spray pyrolysis [100]. That study found increasing the
formic acid from 2 mol/L to 10 mol/L (proportionally more than 30 vol% in this current study)
could not reduce the Ni metal without the formation of NiO from the Ni(NO3)..6H>O precursor.
Additionally, the presence of 10 vol% ethylene glycol specifically showed similar conversion
of FeNi to that of the formic acid cases. It could be explained that a particular concentration of
the generated H> as a minimum concentration was required for completing the metal salt
reduction via spray pyrolysis. The generated Hz gas was 7.0 vol% in the presence of 10 vol%
ethylene glycol, while the generated H> gas was 5.6 up to 6.8 vol% in the presence of formic
acid (10 — 30 vol%). These concentrations were found to be insufficient for converting the

metal salt into FeNi metal effectively.
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Figure 2.2. (a) XRD patterns of FeNi particles, (b) weight percentage of FeNi particles at different
reduction agent concentration derived from Rietveld analysis, and (c) calculated H, gas concentration.
Figure 2.3 describes the effect of the different reduction agents and their concentration
on particle morphology and size using SEM. Figure 2.3(a-1), (a-2), (b-1), (b-2), (c-1), and (c-
2) shows that non-spherical particles with a heterostructure were generated when 10 vol% of
the reduction agent was used (ET10, EG10, FA10). This result is supported by the experiment
performed in the absence of any reduction agent, shown in Figure A.S4(d) (Supporting
Information). When the concentration is increased to 15 vol%, smoother and more spherical
particles with a few heterostructures were obtained when using ethanol (ET15) and ethylene
glycol (EG15), illustrated in Figure 2.3(a-3), (a-4), (c-3), and (c-4). Further increases of
ethanol and ethylene glycol concentration (ET25 and EG25) continued this trend with smoother
and more spherical particles without the heterostructure, see Figure 2.3(a-5), (a-6), (c-5), and
(c-6). However, 30 vol% of ethanol resulted in fine particle formation, which may be attributed

to carbon formation (pointed to with yellow arrows) shown in Figure 2.3(a-7) and (a-8).
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Excess ethanol concentration (30 vol%) could be converted to carbon because of the FeNi
particles acting as a catalyst at the high temperature [101].

For ethylene glycol, smooth and spherical particles could be obtained at a concentration
of 25 and 30 vol% (Figure 2.3(c-5)—(c-8)), but the synthesis process at higher ethylene glycol
concentrations has a lower production rate because of its high boiling point (197°C) compared
with that of ethanol (78°C). Particularly, in the 25 vol% of reduction agent, the production rate
of the ethanol case was 0.26 gram/h, while the ethylene glycol case was 0.11 gram/h. The
production rate is defined by the synthesized FeNi particle over synthesizing time in one-time
production. Contrarily, even at increasing the formic acid concentration until 30 vol% (FA15
to FA30) in Figure 2.3(b-3)—(b-8), the produced particles were still irregularly shaped with a
heterostructure, though the particle surface was smoother. This might be caused by the
adsorption of formic acid onto metal surface before it decomposed [102].

The reduction effect on the particle size distribution which was shown quantitively in
Figure A.S5 (Supporting Information) revealed that the geometric mean diameter of the FeNi
particles in the presence of ethanol, formic acid, ethylene glycol and only water were 284 + 1.6
nm, 396 = 1.5 nm, 399 + 1.5 nm, 444 + 2.1 nm, respectively. It is believed that the surface
tension property of the precursor mentioned in Table A.S2 (Supporting Information) had a

significant impact [103].
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Figure 2.3. SEM images of the FeNi particles produced at various concentration of the reduction agents
(a) ethanol, (b) formic acid, and (c) ethylene glycol.

The heterostructure formation is attributed to the segregation phase in the particles.
According to elemental mapping of particles formed in 25 vol% formic acid (Figure 2.4(a)),
the distribution of the Fe atoms can be seen on the whole surface of the particles
homogeneously whereas the Ni and O atoms are distributed separately. This is evidence of
segregation between FeO and FeNi phases in the particles, which is also confirmed by the XRD

pattern in Figure 2.2(a). Moreover, element mapping for the FeNi particles prepared in 25
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vol% ethanol also reveals homogeneous Fe and Ni atoms on the surface of the particles with
inconsiderable amount of oxygen (Figure 2.4(b)). This indicates that FeNi particles were

successfully produced.

Figure 2.4. Elemental mapping of the particles produced in (a) formic acid (FA25), and (b) ethanol (ET25).

Figure 2.5 displays the TEM images of the particles produced in 25 vol% of the
reduction agents. The using of ethanol and ethylene glycol in Figure 2.5(a) and (c¢) show
spherical particles of submicron size. However, particles produced in ethylene glycol exhibit a
substantial amount of hollow structure. Comparatively, the irregular shape and Janus particles
are obtained when using formic acid (Figure 2.5(b)). To determine the metal phases in the
interior of the particles, EDS analysis was used and the results are shown in Figure A.S6.
Based on the Janus particles when using of formic acid, the FeO phase is indicated at position

(1) in the grey area, while the FeNi phase is indicated at the position (2) in the black area.
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Conversely, position (3) in the particles generated in ethanol show Fe and Ni elements only.
The EDS analysis of particles produced in 25 vol% of formic acid supports the elemental

mapping shown in Figure 2.4.

(a) ' (b) &

408 3%

Figure 2.5. TEM images of FeNi particles synthesized using 25 vol% reduction agents: (a) Ethanol (ET25),
(b) Formic acid (FA25), (c) Ethylene glycol (EG25).

Based on crystal structure and morphology analysis, the concentration and type of
reduction agent greatly affects metal alloy particle production. When using 25 vol% ethanol
(ET25) and ethylene glycol (EG25), smooth, spherical, and submicron sized FeNi particles
have been successfully fabricated via spray pyrolysis for the first time, to our best knowledge.
Smooth and spherical particles are preferable because they provide greater packing density.
These results are compared with previous work regarding FeNi particle synthesis in Table
2.2(a), (b), and (d).

Our proposed method not only produces FeNi particles with the preferred surface, but
also overcomes problems of FeNi particle synthesis with respect to the harmful and costly
100% H> gas process and its accompanying safety concerns. Moreover, this method shows the
superiority in the synthesis of FeNi particles by conducting lower H» gas content. Using a lower
concentration of Hz gas (10 vol%) at a high temperature (1400°C) in Table 2.2(e), resulted in
FeNis particles being formed [104]. However, this condition should yield FeNi particles
thermodynamically [105]. This previous study implied that the presence of iron salt in the
precursor impedes the reduction mechanism. This is supported by previous results when using
ethanol (Table 2.2(f) and (j)). Numerous successful studies on nickel rather than iron generated
from metal salts indicates that the nickel particle synthesis is more straightforward than iron
particle synthesis. Overall, our results are in general agreement with the particle characteristics
in previous studies of metal synthesis from iron and nickel salt reduction by spray pyrolysis

using ethanol and formic acid (Table 2.2 (a)—(i)).
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Table 2.2. Comparison between present work and previous work regarding the synthesis of FeNi,
Ni, Fe based particles from metal salt precursors via spray pyrolysis.

Reduction Carrier
agent type gas Temperature Particle
Precursors e and flow (°O) characteristics A
concentration rate
5 Smooth surface
0.1 mol/L . . .
2. Fe(NOs):.9H:0 FeNi Ethanlgl I;/mm 1200 hollow, sphencal Thlsk
Ni(NO3)».6Ho0 25 vol% 5%H,- and subm.lcron wor
) Ar alloy particle
0.1 mol/L Bhylene | > }Slgllﬁ)ovtvh ssu}rli(;(fal This
b. Fe(NO3)3.9H,0 FeNi glycol Sl 1200 oo Sut;mlicmn work
Ni(NO3)2.6H,0 25-30 vol% o :
Ar alloy particle
5 Rough surface
c gél(liln OOI/)L 9H-O FeNi Formic acid L/min 1200 and submicron This
' Ni(N 03)3’ 6H2 0 FeO 30 vol% 5%H;- heterostructure work
32052 Ar particle
Spherical, dense,
0.05 — 0.4 mol/L H 1 and submicron
d. FeCl.4H,0 FeNi 100 VZO Y L/min 900 particle with [52]
NiCl,.6H,O ? H» smooth and
rough surface
0.02 — 1 mol/L i 20 i“rllo"th Sl‘llrfiacjf
e. Fe(NO3):.9H,0 FeNis 0 ZW L/min 1400 aﬁ dsefsgier Cn [104]
Ni(NO3),.6H,0 volze H>-N> Submicro
particle
Rough surface,
0.1 mol/L . Ethanol 10. hollow, and
f. . Ni 3.4 mol/L L/min 700 . [106]
Ni(NO3)2.6H,O submicron
(20 vol%) Ar .
particle
. . 2 .
g 075 mollL Ni F(l)gnrrllf)fa/(l:jd L/min 1100 Ez?zﬁp:rfgcrf:tzﬁf [100]
* Ni(NO3)2.6H,0O NiO o 10% .
(37.5 vol%) oxide
H>-N»
0.11 mol/L Formic acid 20 gnrllooth Sllllrf?csl’
h. Ni(CH;COO),.4 Ni 6 mol/L L/min 1000 cnse, Sphetic [107]
o and submicron
H,O (23 vol%) N» .
particle
! mollL Formicacid 20 hollow, sphericl
i. . Ni 15 mol/L L/min 1000 > [107]
Ni(NO3)2.6H,O 0 and submicron
(56 vol%) N» .
particle
Core shell,
7 spherical, dense
. 0.05-04mol/L FeO@Fe Ethanol . >, ’
I Fe (NOs);.9H,0 C 72 vol% L/min 820 and 'subml.cron [71]
N particle with

smooth surface
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2.3.2 Proposed mechanism of FeNi particles.

The mechanism of FeNi particle formation via spray pyrolysis is proposed in this
section based on crystallite structure and morphology. Figure 2.6 illustrates the formation of
the metal salt droplet into a solid FeNi particle in 25 vol% of the three reduction agents at the
temperature of 1200°C. According to the TGA and ethanol decomposition fluid dynamics
simulation results (see Figure A.S7 and Figure A.S9 in the Supporting Information), the
mechanism takes place in two stages: (i) solvent evaporation and precursor chemical reaction
following equation (2.4) and (2.5) [108,109]; and (ii) reduction of the iron nickel oxide (FeNiO)
to FeNi particles (equations (2.6) to (2.8)) [110].

Fe(NO3)3.9H20 — Fe(OH)2.NO3 + H,0 + HNO3; — Fe2O3 + NO2+ O2 + H2 O (2.4)
Ni(NO3)2.6H20 — Ni(OH).NO3 + H,0 + HNO3 — NiO +NO;+ O+ H2O0  (2.5)

FexO3 + NiO — NixFesxO4 (2.6)
Fe2O3 — FesOq4 2.7)
NixFe; 04 — NiO + Fes04 — Ni + Fes0s — FeixO + FeNi (2.8)

In the addition of 25 vol% ethanol (Figure 2.6(a)), spherical particles with a dense
structure are formed. Because the droplet size ranges between 1 to 10 um [37], this structure
formation might result from the smaller droplet size and the densification of hollow particles
formed from larger droplets resulted during the first stage. At this stage, the solvent evaporates
rapidly because of the higher vapor pressure of ethanol (43 mmHg, at 20°C, CAS No. 64-17-
5) compared with that of water (18 mmHg, at 20°C, CAS No. 7732-18-5), and the substantial
difference of solvent boiling point. The solute from the smaller droplet can be diffused to the
center, while the solute of the larger droplet concentrates near the surface without enough time
to diffuse to the center during precipitation of FeNiO [111]. Subsequently, it is theorized that
FeNiO solid can be reduced into FeNi at 1200°C because of the high reducing atmosphere.
This temperature also causes the densification of the hollow structure particles [112].

Meanwhile, the hollow structure produced when using ethylene glycol as the reduction
agent (Figure 2.6(b)) is caused by the vapor pressure of the ethylene glycol (0.06 mmHg at
20°C, CAS No. 107-21-1) being much lower than water and its boiling temperature (197°C) is
significantly above water’s. This results in a solute concentration gradient in the ethylene
glycol when the water evaporates. Moreover, due to the solvent properties of relatively high
surface tension resulted in larger droplet size than that of ethanol case affected to the obstacle
of the densification. In particular comparison to the densification in the ethanol case, the

solvent evaporation in the ethanol case was much faster than in the ethylene glycol case. As a
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result, the precursor's solid state was created very instantly in the ethanol case, giving it
significantly more time to be reduced and densified in the spray pyrolysis reactor. The ethylene
glycol case, on the other hand, the particles did not have enough time to densify completely.
Additionally, the low vapor pressure of ethylene glycol may cause precursor decomposition in
the liquid phase, like the polyol process during the first stage [[96]. Ethylene glycol is
decomposed from the metal nitrate into metal hydroxide (Fe(OH)>.NOs; and Ni(OH).NO3)
during the evaporation of ethylene glycol from the droplet. This is supported by the difference
in solid color during solvent evaporation at 200°C (Figure A.S8, Supporting Information).
Following this, the reactions described in equations (4) to (8) occur at increased temperatures
to generate FeNi particles.

The Janus and irregularly shaped particles produced with formic acid (Figure 2.6(c))
are the same as those produced by ethanol and ethylene glycol at low concentrations (10 vol%).
This is explained by the hydrogen production at those concentrations being similar, i.e., 6.5%
Ha/total carrier gas when using 25 vol% formic acid and approximately 7.0% Hb»/total carrier
gas when using 10 vol% ethanol or ethylene glycol. This shape is caused by the slow rate of
reduction, which is similar to that seen in the absence of a reduction agent (explained in the
Supporting Information). During the first stage, water and formic acid evaporate
simultaneously followed by precipitation of FeNiO. Then FeNiO is reduced into FeNi and FeO
(Fe3sO4 and FeixO) as described by equations (6) to (8). The Janus and irregularly shaped
particles are formed because of the lattice mismatch between FeNiand FeO [113]. This is likely
caused by stabilized iron and oxide sites in the FeO due to oxygen vacancy. This vacancy can
be filled by iron and nickel to form an FeNi alloy before it is urged to the FeO surface and
incorporated by Ostwald ripening [114]. In the appearance of the oxygen vacancy, the crystal
lattice among the phases can be expanded or contracted [115], which results the immiscibility
between FeNi and FeO. Additionally, an exsolution might occur in the irregularly shaped
particles according to the previous study of spinel-type oxides (e.g., CuFe2O4, NiMn20Os) in a
reductive environment [115].

According to the simulation result, Figure 2.7(a) also confirms that the H> gas
generation from the ethanol case was higher and faster than the other cases. This supports that
the reduction and densification of the final product in the reactor can be performed in the
ethanol case. Furthermore, Figure 2.7(b) shows that the water mol fraction in the formic acid
case was greater than the other cases. This high water content might contribute to the obstacle

of reducing process [116].
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2.4 Conclusion

The manufacturing of permalloy particles in a benign and cost-effective process using spray
pyrolysis was successfully demonstrated. Harmless and low-cost reduction agents, i.e., ethanol,
ethylene glycol, formic acid, are employed to produce submicron particles with a FeNi crystal
structure. The results show the concentration and type of reduction agent are critical parameters
for reducing iron and nickel metallic salts to produce FeNi particles. The different reduction
agents lead to different H, gas generation rates, which is required for metal salt reduction.
According to the crystal structure, morphology, and the elemental analysis, ethanol and
ethylene glycol promote smooth surfaced, spherical, and submicron-sized particles of FeNi.
Conversely, formic acid resulted particles with segregated phases between FeNi and FeO.
Generally, the higher the concentration of the reduction agent, the more benefit there is for the
resulting the FeNi particles. However, at ethanol and ethylene glycol concentrations of 30
vol%, there was carbon formation and droplet production difficulty, respectively. Furthermore,
a possible particle formation mechanism was proposed to better understand the metallic salt
reduction of iron and nickel. The mechanism occurs in two stages: (i) evaporation and chemical
reaction, (ii) reduction stages. Overall, this finding opens new possibilities for the application
of FeNi particles by changing the type and concentration of the reduction agents used in their

synthesis.
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Chapter 3

DC bias characteristic enhancement of the powder core by using densified
submicron sized FeNi particles through spray pyrolysis

Abstract

The powder core type of inductor has become a promising component of a high-power
DC-DC converter. The inductor consists of a powder core, a packing of primary (coarse) and
secondary (fine) particles, and a winding coil. The characteristic of the secondary particles in
the powder core is crucial to the inductor performance, i.e., DC bias characteristic. Here, we
successfully produce high-density spherical and submicron sized FeNi particles (300 — 400
nm), which were investigated as the secondary particles for the first time. By precisely
controlling the temperature and residence time of the spray pyrolysis process, the size and
structure of the FeNi particles were altered owing to densification. The structural change from
hollow to dense provides a stable magnetic characteristic of the FeNi particles at 1.5 T with an
enhancement of the particle density from 7.38 to 8.33 g/cm?. As a result, the as-prepared FeNi
particles exhibit an excellent DC bias characteristic that is proportional to the escalating particle
density. A suppression of the formation of hollow particles from 34% to 10% reveals an
improvement in the saturation current (Isat) by approximately 20% from 10.2 A to 12.1 A. The
densification not only enlarges the magnetic field path but also increases the adjacent non-
magnetic region. The use of the dense and submicron sized spherical FeNi particles is proposed
to lead to a wide application for the advancement of renewable energy generators, electric

transportations, and electronic devices in industrial sectors.
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3.1 Introduction

The inductor is a key component in the rapid evolution of electronic devices, such as
electric vehicles, cell phones, and renewable power generators, to actualize sustainable
development goals for smart and green technology. An inductor is widely applied to maintain
the high efficiency and compact design of the devices by controlling the electric power through
the components of the devices. A more minimalist design will result in a lower energy and
environmental burden [117]. Therefore, improving inductor performance is important for
current conversion and energy storage in electromagnetic form for those devices. From an
industrial perspective, the critical points on the inductor development are focused on its high
performance, low-cost productivity, and suitability for mass production. Regarding the high
performance, the direct current (DC) bias characteristic is an important factor, which is affected
by the magnetization characteristic and the permeability of the material [118]. The DC bias
characteristic determines the capability of the inductor over the electrical current load.

In determining the inductor type which provides a compact design and excellent
performance, the powder core has been frequently used because it has a well-distributed
adjacent non-magnetic region in its packed structure. The distributed non-magnetic
region allows the inductor to work with high inductance and saturation values [119].
The inductor consists of a powder core, a packing of primary (coarse particles) and
secondary (fine particles) soft-magnetic particles, and a winding coilv[10]. The ratio
between the primary and secondary soft-magnetic particles as well as the characteristic
of the secondary particles are important to maximize the value of the DC bias current.
These factors could be attributed to the packing behavior of the particles according to
previous research. Zhang et al. noted that the addition of a percentage of micron-sized
spherical Fe-Co (dp, = 14 pm) from 0% to 100% as the secondary particles into an
amorphous powder enhanced the DC bias characteristic owing to the improvement of
the packing density [120]. Kim et al. also reported that applying 20 wt% of the spherical
carbonyl iron powder (CIP) (d, = 3.74 um) into an Fe-based amorphous powder has
benefits in increasing the DC bias property due to the higher packing density compared
with the specimen with the CIP below 20%[118]. Based on these studies, it can be
concluded that the spherical particles might contribute to a good packing density[79].
Moreover, although the nanometer size of the secondary particles presents a higher

magnetic saturation value [121], decreasing the size to below 100 nm results in difficulty
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from a handling point of view. Accordingly, spherical and submicron sized particles
(100 nm — 1 pm) are highly favored as the secondary particles.

Furthermore, selecting the material of the secondary particles is also necessary
to provide an excellent performance of the powder core because it determines the
inductance performance of an inductor to generate an electric potential. For the powder
core material, permalloy (FeNi) is considered because it exhibits relatively high
magnetic saturation, high permeability, and low coercivity[45]. Imaoka et al. have
evaluated the powder core made from various materials (e.g., ferrosilicon, permalloy,
supermalloy, sendust, amorphous powder). This study revealed that the permalloy
provides a high efficiency to the powder core performance [4]. Until now, only a few
researchers have successfully produced spherical and submicron sized FeNi alloy
powder [49,52,122]. Recently, our group was the first synthesizing spherical FeNi
particles (dp = 300 nm) through the spray pyrolysis method by using ethanol as the
reduction agent benignly and effectively. Nevertheless, the obtained FeNi particles had
a hollow structure and a low particle density. These characteristics might result in a
decrease of the magnetic characteristic value. Thus, improving the density of spherical
FeNi particles remains a challenge.

In this research, as depicted in Scheme 3.1, we are investigating the production
and utilization of high-density submicron sized FeNi particles as the secondary particles
of a powder core for the first time via spray pyrolysis method. The alteration in the
structure of the FeNi particles is expressed quantitively by the percentage of hollow
particles generated and the particle density value. Furthermore, by applying the resulting
FeNi particles having different particle densities, the influence of the structure of the
FeNi particles on the powder core performance is evaluated. Moreover, it is
demonstrated that employing a higher density of the FeNi particles enhances the
saturation current (/sat) value of the powder core, which indicates a higher inductor
performance (DC bias characteristic). This novel approach on the application of a high
density of the spherical and submicron sized FeNi particles reveals the effective

performance enhancement of the powder core type inductor.
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Scheme 3.1. Synthesis and investigation of submicron sized FeNi particles to the powder core
performance.

3.2 Experimental
3.2.1 Materials and method

Spherical and submicron sized FeNi particles were synthesized by the spray
pyrolysis method as described previously [122]. A precursor solution containing
Fe(NO3)3.9H20 and Ni(NO3)2.6H,O (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) with a concentration of 0.2 mol/L in 25 vol% ethanol (99.8% in purity,
Japan Alcohol Corporation, Tokyo, Japan) and ultrapure water was prepared. This
concentration was chosen by preliminary experiment, as shown in Figures B.S1 and
B.S2. The precursor solution was altered into droplets by an ultrasonic nebulizer at 40
°C (1.7 MHz, NE-U17, Omron Healthcare Co., Ltd., Kyoto, Japan) before being
transferred into the reactor using 5% H2-Ar as the carrier gas. To control the particle
structure, the applied temperature was adjusted at 1200, 1300, and 1400 °C, while the
residence time was varied by changing the carrier gas flow rates (Qc) to 5, 2.5, and 1.3
L/min, as described in Table 3.1. To collect the FeNi particles, a bag filter, which was
maintained at 150 °C, was implemented. For making the powder core, the primary
particles were Fe-Si-B type amorphous alloy powder with a magnetic saturation flux
density (Bs) of 1.2 T. A press molding procedure was used to make the powder core,

which had a ratio of 4:1 for the primary to secondary particles.
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Table 3.1. Experimental conditions of synthesizing Fe(NO;);'9H,0 and Ni(NOs), 6H,O solution in 25
vol% ethanol at various temperature and carrier gas flow rates

Precursor Reactor Carrier gas flow

Sample concentration temperature rate (Qc)

(Cy) [mol/L] (D) [°C] [L/min]
S12-5.0 5
S12-2.5 2.5
S12-1.3 1200 1.3
S12-1.0 1.0
S12-0.5 0.5
S13-5.0 0.2 5
S13-2.5 1300 2.5
S13-1.3 1.3
S14-5.0 5
S14-2.5 1400 2.5
S14-1.3 1.3

3.2.2 Characterization

The collected FeNi particles were characterized and continuously processed to be
packed in a toroidal powder core as the secondary particles. The morphology of the FeNi
particles was observed using field emission scanning electron microscopy (FE-SEM; S-5200,
20 kV, Hitachi High-Tech. Corp., Tokyo, Japan) and transmission electron microscopy (TEM;
JEM-2010, 200 kV, JEOL Ltd., Tokyo, Japan). The hollow particles percentage (HP) was
determined by calculating the percentage from the number of hollow particles over the total
number of particles based on the TEM images as shown in Figure B.S3. The crystal structure
was identified using X-ray diffraction (XRD; D2 PHASER, Bruker Corp., Billerica, MA,
USA). Rietveld analysis by TOPAS software was implemented to measure the crystallite size
of the particles. The density of FeNi particles was assessed by the helium gas replacement
method using a true density measuring apparatus (BELSORP-max, MicrotracBEL Corp.,
Osaka, Japan), which was controlled by a computer. By filling the cavity between the particles
using helium gas, the volume of the FeNi particles was measured. The true density was
determined by dividing the mass of FeNi particles by the effective volumetric capacity.
The magnetic properties of the FeNi particles and the powder core were evaluated using
vibrating sample magnetometry (VSM) across a field +20 kOe using a High Sensitivity VSM
System TM-VSM311483-HGC (Tamakawa Co., Ltd). The DC-bias performance for all
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powder core specimens in a wire wounded toroidal shape were examined with the maximum
applied field of 20 A and maximum magnetic field of 230 Oe using a Precision LCR Meter
4284A (Keysight Technologies, Inc.). In addition, by embedding the powder core in epoxy
resin and curing it, a cross-sectional SEM image of the distributed particles in the powder core
was taken. After cutting the resin, sandpaper and buffing were used to polish it. The polished

surface was examined using SEM after ion milling.

3.3 Result and discussion
3.3.1 Characteristics of the FeNi particles

The particles morphology of all samples identified by TEM images is given in Figure
3.1. As can be seen in Figure 3.1(d), decreasing the carrier gas flow rate and increasing
the temperature led to fewer hollow particles. In the case of 1200 °C (Figure 3.1(c1-5)),
decreasing the carrier gas flow rate from 5 L/min (S12-5.0) to 2.5 L/min (S12-2.5)
reduced the number of hollow particles by a few percent according to the dense and
hollow particles count in Figure B.S4. A further decrease of the carrier gas rate to 1.3
L/min (S12-1.3) and 0.5 L/min (S12-0.5) reduced the hollow particle percentage (HP)
by 10% and 5%, respectively. However, by increasing the temperature to 1300 °C, as
shown in Figure 3.1(b1-3), the sample of S13-5.0 had a similar percentage of hollow
particles as S12-5.0 whereas the samples of S13-2.5 and S13-1.3 showed a significant
reduction in the percentage that was proportional to the carrier gas flow rate. Further
increasing the temperature to 1400 °C, as shown in Figure 3.1(al-3), the S14-5.0
sample provided a hollow particle percentage of approximately one-third that of the
S12-5.0 and S13-5.0 samples. Moreover, the alteration of the carrier gas flow rate for
S14-2.5 and S14-1.3 reduced the percentage of hollow particles to below 5%. Although
the percentage can be suppressed by raising the temperature and reducing carrier gas
flow rate, carbon formation, as indicated by the blue arrow in TEM images, occurred
with the inversely amount to the hollow particles. The carbon might be generated by
ethanol decomposition in the system [123], which may result in CO gas (Figure B.S5)
and then reacts with H> gas on the surface of FeNi particles to form carbon nanoparticles,
as shown by equation (3.1)[124].

CO +H2 > C+Hx0 3.1

Based on these TEM images, lower carrier gas flow rates and higher temperatures

resulted in larger amounts of carbon nanoparticles formation. Thus, we focused on a

63



Chapter 3 : DC bias characteristic enhancement of the powder core by using densified submicron sized FeNi
particles through spray pyrolysis

temperature of 1200 °C and a carrier gas flow rate between 1.3 and 5.0 L/min for further

investigation.
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Figure 3.1. TEM images of FeNi particles in various carrier gas flow rates with different temperatures:
(@1-3) 1400 °C; (b1-3) 1300 °C; (c1-5) 1200 °C. HP is the percentage of the number of hollow particles.
(d) The correlation of the carrier gas flow rate and temperature to the HP.

The morphological change from densification could be confirmed by SEM
images, as shown in Figure 3.2(a) and 3.2(b). The smaller particles size might indicate

the formation of dense particles and vice versa [107]. The sample of S12-5.0 had a broad
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particle size distribution with the geometric average diameter of 402 + 2 nm. A longer
residence time from the decreasing of the carrier gas flow rate caused narrowing of the
particle size distribution and lessening of the geometric average diameter to 385 +£ 2 nm
and 371 £+ 2 nm for the samples S12-2.5 and S12-1.3, respectively. The densification
was also proven by the increased density of FeNi particles in accordance with the
increased percentage of dense particles in the lower carrier gas flow rates, as presented
in Figure 3.2(c). The density value of the FeNi particles increased proportionally with
the reducing carrier gas flow rates, which were 7.38, 7.85, and 8.33 g/cm® from the

carrier gas flow rates of 5, 2.5, and 1.3 L/min, respectively.

To confirm the crystal structure of the FeNi particles, Figure 3.2(d) exhibits a typical
XRD pattern of face centered cubic (fcc) FeNi without the presence of the oxidated state
of Fe and Ni. The sharp peaks represented the highly crystalline nature of the FeNi
particles [78]. The slight broad hump peak at approximately 26° was attributed to the
formation of carbon nanoparticles during the spray pyrolysis process[125][81].
Additionally, decreasing carrier gas flow rates led the gradual increase of the crystal
size of the FeNi particles due to the increasing phase formation in a longer residence
time[126]. An extensive investigation was also carried out using an XRD pattern at a
low angle to confirm the L1o phase of FeNi particles, which must be avoided. Figure
B.S6 shows a devoid of the L1 FeNi phase peak. This means that our FeNi particles do

not have the hard magnetic properties of FeNi-based alloys.
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Figure 3.2. FeNi particles in different carrier gas flow rates: (a) SEM images and (b) particle size
distribution, where dg,av is the geometric mean diameter and o is the geometric standard deviation. (c)
Effects of carrier gas flow rate on the percentage of dense particles and density of FeNi particles. (d)
XRD pattern of FeNi particles in different carrier gas flow rates. These samples are obtained at 1200 °C.

The magnetic characteristic of the FeNi particles was evaluated by the hysteresis
curve (B-H loop) as depicted in Figure B.S7. All the samples revealed ferromagnetic
characteristics and had similar saturation magnetic flux density (B;) values of 1.5 T. This
B value was close to the theoretical Bs value for FeNi materials (1.5 T) [127], which
proved that the FeNi particles generated by spray pyrolysis route exhibit high purity and
crystallinity [88,128]. Furthermore, the coercivity of S12-5.0, S12-2.5, and S12-1.3 was
0.01, 0.009, and 0.01 kOe (0.8, 0.7, and 0.8 kA/m), which is much lower than that of
the FeNi powder with no L1o phase reported before (14.5 kA/m) [129]. Because the
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hysteresis loss of the core is related to the coercivity value, this low result implies that
the FeNi particles are unlikely to affect it [130]. Moreover, the particles from this
method exhibited the best saturation magnetic characteristic among the nano- and
submicron sized particles from the other methods summarized in Figure 3.3. In the
range of submicron sized particles and high magnetic saturation value (> 1.4 T), thermal
decomposition, sol gel, and spray pyrolysis methods have the potential for large-scale
production. However, based on these previous works, the thermal decomposition and
sol gel methods were unable to produce the perfect spherical particles and required

several steps in fabricating the FeNi particles [131,132].

332 (N 1.5 (Our work)

200 [ 1.43 (thermal decomposition) 25
200 | 1.46 (sol gel) 26

100 | 0.04 (citric acid sol gel) %7

100 [l 1.09 (solid mixing-annealing) 28

80 (I 0.66 (ball mill) 20

69 [ 145 (wire electrical explosion) 30
50 | 1119 (polyol) 3t
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29 [ 1.06 (hydrogen plasma) 36
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Figure 3.3. Comparison of the magnetic saturation value of FeNi particles in the range of nano- and

sub-micrometer size to the other methods. [48,74,85,131-139]
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3.3.2 Application of FeNi particles in the powder core
The synthesized FeNi particles were applied as the secondary particles in the
powder core. Figure 3.4 depicts the cross-sectional SEM image of the powder core. The

spherical and submicron sized FeNi particles were reasonably compacted and well

distributed among the micron-sized primary particles.

$12-5.0 $12-5.0

1T pum

$12-2.5

$12-2.5

$12-1.3

Figure 3.4. Cross-sectional SEM images of the powder core with three types of FeNi particles at different
magnifications: (a) S12-5.0; (b) S12-2.5; and (c) S12-1.3 as the secondary particles. Images with different
magnification: 1, low magnification image with 1.0k; and 2, high magnification image with 10.0k.
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The addition of FeNi particles as the secondary particles affected the powder core
characteristic quantitatively. The relative packing density of all specimens shown in
Table 3.2 showed higher packing percentages with the addition of the denser FeNi
particles. This was attributed to the smaller size and the higher density of the spherical

FeNi particles.

Table 3.2. The effect of the additional secondary particles from different prepared carrier gas flow
rate on the physical property of the powder core

. Saturation R .

Packing ; Initial inductance  Saturation

Sample percengage (n) nglae%r;ei:tt}l/c(ng (L(0A)) current (Lsar)
[%] [T] [uH] [A]
S12-5.0 78.9 0.908 6.46 10.2
S12-2.5 79.7 0.921 6.96 11.2
S12-1.3 80.1 0.922 6.61 12.1

The powder core performance was examined through the DC bias current
characteristic. The powder core was able to gradually become saturated with the
increasing applied current, which was indicated by a descending inductance. Figure 3.5
represents the deteriorating inductance value of the samples by increasing the applied
electric current. For this measurement, the deterioration of the inductance value was
observed from the specimens with the same level of permeability value. The sample of
S12-5.0 showed the fastest decrease of the inductance value from its initial value
followed by S12-2.5 and S12-1.3. The powder core properties, summarized in Table
3.2, exhibited s values 0of 10.2, 11.2, and 12.1 A for the S12-5.0, S12-2.5, and S12-1.3

samples, respectively.
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Figure 3.5. Diminishing inductance from its initial value for presenting DC bias performance of the
powder core.

The . value was taken when the initial inductance had decreased by 30% as the
saturation point (AL/L(0A) = -30%). Although the Iy value could be generally related
to the By value of the powder core, the powder core of all samples exhibited
unremarkably different By values (see Table 3.2). Therefore, the morphology of the
secondary particles was proposed to influence this performance the most. The presence
of hollow particles allowed a magnetic flux path only in their shell so the particles will
become saturated rapidly under high current. Furthermore, from Figure 3.4, the smaller
diameter of the densified particles provided a more effective distributed adjacent non-
magnetic region among the particles. Quantitatively, the average distance between
particles from the use of the S12-5.0, S12-2.5, and S12-1.3 samples were 122, 184, and
196 nm, respectively. A closer distance in this range resulted in an easier magnetic
domain shift during magnetizing, and thus decreased /w.s value[32] as represented in

Figure 3.6.
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Figure 3.6. Magnetic flux path through submicron sized FeNi particles.

3.4. Conclusion

In summary, a novel approach to control the structure of spherical and submicron
sized FeNi particles synthesis is successfully conducted with the high-quality
characteristic similar to the theoretical value. This study is the first investigating the
spherical and submicron sized FeNi particles as the secondary particle in a powder core.
The process parameters, i.e., temperature and carrier gas flow rates, considerably
influence the characteristic of the FeNi particles. The higher temperature and lower
carrier gas flow rates lead to the densification of the FeNi particles. Consequently, the
particle structure is altered from low-density to high-density FeNi particles (hollow to
dense particles), although carbon formation on the surface of the particles also occurs.
To prevent carbon formation, in this research, we focused on a temperature of 1200 °C.
The lower carrier gas flow rate provides a higher percentage of dense particles and a
smaller particle size distribution with an increasing crystallite diameter. It is noticeable
that the densification is beneficial for the application of FeNi particles as the secondary
material of the powder core. The denser and smaller FeNi particles exhibit better
performance of the DC bias characteristic for the powder core owing to its characteristic
and effectively adjacent non-magnetic region distribution. Having a comparatively high
magnetic saturation and prominent DC bias characteristic, the densified FeNi particles

promise an enhancement of the powder core performance for industrial purposes.
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Chapter 4

One-step aerosol synthesis of SiO, coated FeNi particles by using swirler
connector-assisted spray pyrolysis

Abstract

Silica-coated soft-magnetic particles are essential for some powder magnetic cores
consisting of primary (coarse particles) and secondary (fine particles) soft-magnetic particles
in the advancement of electric devices. Herein, we report the first investigation on the direct
synthesis of submicron-sized silica-coated FeNi (FeNi@SiO2) particles as the secondary
particle using connector-assisted spray pyrolysis route. Provided by computational fluid
dynamics (CFD) calculation in applying different connector types, i.e. T-shaped and Swirler,
we found that the mixing performance between FeNi and HMDSO vapor in the swirler
connector played an important role in resulting heterogeneous nucleation, which is crucial for
obtaining the higher coating ratio and fewer undesired nanoparticles than that of T-shaped
connector. The as-prepared submicron-sized FeNi@SiO» particles (353 nm) with the highest
coating ratio (95.9%) demonstrated remarkable DC bias characteristic (/,,r) and eddy current
loss values on a powder magnetic core, promising the practical application in manufacturing

soft-magnetic components.
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4.1 Introduction

The rapid revolution of electrical devices in the automotive and digitalization fields for
sustainable development goals has urged the advancement of soft-magnetic components, such
as powder magnetic core inductors [4]. A powder magnetic core is a vital component that serves
as a power converter for a device’s components [140]. In some cases, a powder magnetic core
consists of primary (coarse particles) and secondary (fine particles) soft-magnetic particles.
Based on several reports, selecting secondary particles is critical for achieving a desirable
powder magnetic core feature [118,120,141,142]. FeNi is preferred as a secondary material
because of its high magnetic saturation and permeability [45]. In addition, submicron-sized
particles are highly favored for increasing the packing density of a powder magnetic core due
to the difficulties associated with handling nanoparticles [83]. Our group recently succeeded in
producing the spherical and submicron-sized FeNi particles with a diameter of approximately
400 nm, as well as high density and saturation magnetic flux density values. However, there is
still remaining an issue in the practical use of the powder core owing to the eddy current loss.
When the eddy current loss value is high, the inductor’s performance becomes less efficient
because of the energy loss [143]. Therefore, to reduce the eddy current loss value, FeNi
particles must be coated with an insulating material.

Based on its chemical stability, silica can be highly considered as the coating material
[144—-147]. Some studies revealed the stability improvement in silica-coated FeNi3 particles
against oxidation [53] and decreasing permeability at higher frequencies [58]. These studies,
however, conducted FeNis particle synthesis in the first step and silica coating in the liquid
phase method in the second step, which is unfavorable because of the long process in the
multiple steps. Alternatively, an aerosol process is desired to achieve the silica coating on the
core particles in direct synthesis. Several studies have attempted the aerosol process in
producing silica-coated particles so far. By using tetraethyl orthosilicate (TEOS) as the SiO»
precursor, Post et al. successfully demonstrated controllable silica-coated TiO- particles with
good thermal stability properties via chemical vapor deposition using a dielectric barrier
discharge with a plasma filament [148]. Furthermore, Teleki et al. used hexamethyldisiloxane
(HMDSO) as the SiO2 precursor in the flame spray pyrolysis technique to exhibit hermetically
coating of FexO3;@Si0O2 and TiO@Si02 with silica as the shell [70,149]. This gas-phase
method resulted in a mostly homogeneous coating thickness of approximately 2—4 nm with

good stability through the isopropanol chemisorption and photooxidation of isopropanol to
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acetone analysis. Although these methods seem promising, they are likely to cause difficulties
in the FeNi precursor reduction because they involve oxygen. Another study conducted by
Nomoev et al. successfully produced submicron-sized Cu@SiO: by using a tubular reactor
with an electron beam evaporator in the absence of oxygen [67], but this method requires a
pure ingot of Cu, which is less abundant than its metal salt. Furthermore, in a comparison of
the metal transition from metal salt to its metal alloy in a gas phase, the spray pyrolysis method
has advantages over the aforementioned methods such as low cost, versatility in maintaining a
reduced atmosphere [100,104,122,150,151], ease in controlling the particle’s size, morphology
[87,152,153], and chemical composition [88,128,154,155], as well as prevention of
agglomerating particles [156]. Thereby, spray pyrolysis with a closed electric furnace system
is highly considered. Until now, the synthesis of the silica-coated FeNi (FeNi@SiOz) particles
in a one-step aerosol process has not been investigated. Since the reduction to obtain FeNi alloy
and the coating processes in one step is complicated, the silica coating on the FeNi particles is
quite challenging. Moreover, a uniform silica coating on the FeNi particles is highly desired to
achieve a characteristic improvement of a powder magnetic core.

To perform the direct synthesis of FeNi@SiO: particles with a uniform coating, we
proposed a new approach to the closed spray pyrolysis system assisted by a connector, which
is called the connector-assisted spray pyrolysis method. This method employs two strategies
for controlling coating performance, as elaborated in Scheme 4.1. The first strategy is
introducing the HMDSO vapor as the SiO> precursor on the intermediate product of FeNi
aerosol synthesis. To achieve this, a preheating system before the connector-assisted spray
pyrolysis reactor is required. Therefore, a connector is needed to join the preheater and spray
pyrolysis reactor to introduce the HMDSO vapor. Because the connector geometry can
determine the fluid flow and mixing quality between two aerosols, the selection of the
connector geometry is important. Subsequently, the second strategy is evaluating various
connector geometries, i.e. T-shaped, Swirler-3, and Swirler-6 (see the dashed box in Scheme
4.1), to precisely adjust the mixing performance between the FeNi aerosol and HMDSO vapor.
A prominent mixing performance must be achieved to perform heterogeneous nucleation,
which prevents the generation of nanoparticles and improves coating quality. In these
strategies, the carrier gas of the HMDSO vapor (Qs) and an additional gas (Q,) were used to
control the amount of HMDSO vapor and maintain the homogeneous distribution among the

aerosols, respectively.
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Scheme 4.1. Schematic of the proposed system for synthesizing FeNi@SiO; particles in a direct process.

In this study, the SiO: coating of FeNi particles was firstly investigated by determining
the effect of connector geometry on the coating quality. To support this study, a numerical
approach based on computational fluid dynamics (CFD) was conducted to perform the mixing
performance of the aerosols and predict the SiO> generation. In addition, the gas flow rate of
Q. was tuned to optimize the coating quality in the most prominent connector geometry. The
synthesized FeNi@SiO; particles were characterized to select the most prominent product for
the powder magnetic core application. Eventually, the eddy current loss and DC bias
characteristic were examined to stipulate the silica coating effect on the powder magnetic core

characteristic improvement.

4.2 Experimental section
4.2.1 Particles synthesis

The FeNi@SiO; particles were synthesized via connector-assisted spray pyrolysis route
equipped with a preheater and different connector types for introducing the silica source
(Figure 1). The droplets of FeNi precursor solution with a total concentration of 0.2 mol/L,
consisting of Fe(NO3)39H>0 and Ni(NO3)26H>0 in a solvent of 25 vol% ethanol-water, were

transported by 5 L/min carrier gas of 5%H>-Ar into a preheater made of a Pyrex glass, with
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395-mm length and 36-mm diameter, before meeting hexamethyldisiloxane (HMDSO)-laden
5%H>-Ar gases through the connector. HMDSO was used as the silica precursor in a precisely
controlled amount. The following three types of connectors were used in this study, described
in Figure 4.1: 1) A 20-mm diameter T-shaped tube (T-shaped), ii) A 20-mm-diameter tube with
two 3-mm-diameter tangential inlets (Swirler-3), iii) A 20-mm-diameter tube with two 6-mm-
diameter tangential inlets (Swirler-6) (see the dashed-lined box in Figure 4.1).

In the connector part, FeNi aerosol and HMDSO vapor were mixed before entering the
spray pyrolysis reactor with a tube length of 1300 mm and an inside diameter of 30 mm. The
temperature of the preheater was maintained at 300°C, whereas the temperature of the
connector was maintained at 150°C. The reactor temperature was adjusted by five enclosed
furnaces, 1200 mm in length, at 1200°C or 1400°C. The HMDSO was kept in the bubbler at a
temperature of 2°C based on the Antoine equation calculation and transported by HMDSO
vapor carrier gas (QOs) of 5%H>-Ar at 10 mL/min. It corresponds to 0.046 g/h of supplied SiO>
and 7.5 wt% of SiO> in the synthesized particles at a saturated condition. The additional carrier
gas flow rate (Q.) of 5%H2-Ar was controlled to maintain the mixing performance of FeNi
aerosol and generated SiO2 from HMDSO. The temperature of the O, was at room temperature
(approximately 25°C). Finally, the product of the FeNi@SiO: particles was collected in a bag
filter at a temperature of 100°C.

i) T-shaped ii) Swirler-3 iii) Swirler-6
HMDSO .
> ~— " HMDSO
! /‘/[ or /é( or _—
| FeNi ~ -
Q. (Precursor | 1 FeNi HMDSO eNi HMDSO
Carriergas) ... HMPsO e i
Liquid feed
pump ] .
B DD - D\
Preheating eacting . ‘
furnace furnace B?g ﬁ:ter
: 300 °C Tg °C 00°¢ .
Nebulizer Bubbling
Precursor Q. (HMDSO ) .. system
s Addit |
0.2M Carrier gas) Q. (Additional gas)

Figure 4.1. Experimental set-up of the synthesis of FeNi@SiO, via connector-assisted spray pyrolysis
route using different connector types. i) T-shaped, ii) Swirler-3, iii) Swirler-6.
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4.2.2 Particles characterization

Field emission scanning electron microscopy (FE-SEM; S-5200, 20 kV, Hitachi High-
Tech. Corp., Tokyo, Japan) and transmission electron microscopy (TEM; JEM-2010, 200 kV,
JEOL Ltd., Tokyo, Japan) were used to examine the morphology of FeNi@SiO; particles. X-
ray diffraction was used to determine its crystal structure (XRD; D2 PHASER, Bruker Corp.,
Billerica, MA, USA). The cross-sectional image of the FeNi@SiO» particles was observed by
using a high-angle annular dark-field scanning TEM (HAADF-STEM) and energy-dispersive
X-ray spectroscopy (EDS) mapping of elemental Fe, Ni, Si, and O. Regarding the powder
magnetic core, FeNi@SiO: particles were added to micron-sized Fe-Si-B particles to make a
powder magnetic core with a ratio of 1:4 for FeNi@SiO- to Fe-Si-B particles. A Precision LCR
Meter 4284 A shape (Keysight Technologies, Inc.) with a maximum-applied field of 20 A, and
a maximum magnetic field of 320 Oe was used to investigate the DC bias performance of all
powder core specimens in wire wounded toroidal. The core loss was measured by using the B-
H analyzer SY-8218 (IWATSU ELECTRIC Co., Ltd., Tokyo, Japan). First, the toroidal core
was wound with primary and secondary windings. Then, an alternating current was applied to
the primary winding as an excitation current, and the electromotive force induced in the
secondary winding was measured. Subsequently, the eddy current loss was calculated based on
the phase difference between the exciting current and the induced electromotive force. The

smaller the difference phase, the smaller the loss.

Table 4.1. Experimental conditions for various parameters: connector types, temperatures, and
additional gas flow rates.

Sample Connector Silica ~ source Reactor Additional gas
type inlet diameter  temperature (7z) flow rate (Q.)
[mm] [°C] [L/min]

sl T-shaped 20 1200

Ts-14-3 1400
WD ider 3 1200 ;

Sw3-14-3 1400

Sw6-12-3 1200
M Swirler 6

Sw6-14-5 1400 5

Swo6-14-7
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4.2.3 Mixing performance simulation

To better understand the coating quality, the mixing of FeNi aerosol and HMDSO vapor
was simulated by using CFD. Ansys Fluent, which is embedded in Ansys Workbench 2021 R1,
was used to perform three-dimensional (3D) calculations. The domain was divided into
approximately 250,000 meshes of unstructured tetrahedra (Figure C.S1). The FeNi aerosol
inlet was defined by Lagrangian model as uniform inert droplets with a diameter of 5 mm,
while the HMDSO vapor was defined as an inert gas following its physical properties. The
inlet velocity of the inlet sources corresponded to the experimental conditions. The velocity of
the FeNi aerosol inlet is 0.365 m/s at 573 K, whereas the velocity of the HMDSO vapor is
based on the size and geometry of the inlet on the connector part following the Q.. The species
in this simulation were assumed to behave as an ideal gas. The turbulence Shear-Stress
Transport (SST) k-w model was used to represent the fluid flow. The walls were set as adiabatic
and smooth with no-slip conditions. The temperature distribution and the residence time from
the particle tracking in the simulation were used to obtain the analytical value of the HMDSO

oxidation following the first-order reaction as written in equation (4.1) [69].
—=-k_C 4.1)

where C is the vapor number concentration of HMDSO [m?] and kg is the gas-phase

oxidation rate constant of 4x10"7exp(-3.7 x 10°/(8.314 x T)) s"'.[111]

4.3 Results and discussion

The coating quality was firstly examined by employing various connector types, i.e. T-
shaped, Swirler-3, or Swirler-6, at different reactor temperatures of 1200°C and 1400°C. The
temperature effect was initially investigated because it affects the metal salt reduction process?
and the HMDSO oxidation rate [69]. In the case of 1200°C, the particles morphologies using
all connector types were observed in the SEM images (Figure 4.2(al-c1)). The presence of
particles with a separated phase between FeNi and its oxidation state (red circle) indicates an
incomplete reduction process [122]. These particles were also visible in the TEM image, as
shown in Figure 4.2(a2—c2). Several uncoated particles in the TEM images were also noticed.
Thus, the temperature at 1200°C was inefficient for the synthesizing FeNi@SiO». In contrast,
spherical FeNi@SiO; particles were observed in the SEM images (Figure 4.2(d1-f1)) when
the reactor temperature was set to 1400°C in all connector cases. Spherical coated particles

with a high amount of nanoparticle generation (red arrows) from the use of T-shaped connector

79



Chapter 4: One-step aerosol synthesis of SiO, coated FeNi particles by using swirler connector-assisted
spray pyrolysis

are denoted in Figure 4.2(d1). Meanwhile, in the case of the Swirler-3 connector, spherical
coated particles with a significantly lower amount of the aggregation of nanoparticles are
shown in Figure 4.2(el). Furthermore, increasing the inlet diameter of the HMDSO vapor at
the Swirler-6 resulted in the generation of spherical coated particles with barely detectable
nanoparticles (Figure 4.2(f1)). The coating quality at this temperature was determined using
TEM analysis. The images of the core-shell structured particles are shown in Figure 4.2(d2—
f2). The coating quality was quantified using the percentage value of the coating ratio (CR),
which is based on the ratio of the number of perfectly coated particles to the number of total
particles from the TEM images (see Supporting Information). Overall, all connector types
provided a relatively efficient coating with a high CR value of more than 90%. However, the
sample of Ts-14-3 had not only the lowest CR value but also the highest amount of nanoparticle
generation (red arrows). Conversely, the use of the Swirler connector, especially the sample of
Sw6-14-3, improved the CR value (94.8%) and significantly reduced nanoparticle generation.
There are two possibilities to explain the improvement of the coating quality in the Swirler
case. First, a heterogeneous nucleation tendency from a proper mixing provided by the swirling
flow [70,157,158]. Heterogeneous nucleation is denoted by the initial step in the formation of
new aerosol particles that deposit and evolve on the surface of pre-existing (seed) particles
[159]. In our case, the seed particles are represented by the FeNi aerosol, while the deposited
vapor is represented by HMDSO vapor. Second, the generated silica particles were deposited
onto the core particles followed by sintering[61]. According to the smooth surface of the coated

particles, we hypothesized that our case might follow the first possibility.
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Figure 4.2. FeNi@SiO; particle morphology using different types of connectors at reactor temperatures
of 1200°C (a—c) and 1400°C (d—f). 1) SEM images; 2) TEM images of particles generated using (a,d) T-
shaped, (b,e) Swirler-3, (c,f) Swirler-6. CR is the coating ratio in percentage, we counted at least 150
particles. Number of * indicate the level of nanoparticle generations.

In order to understand the coating process efficiency, CFD analysis was used to
examine the temperature distribution, particle residence time, and mixing performance between
FeNi aerosol and HMDSO vapor. Overall, a similar temperature distribution of the T-shaped

and Swirler-6 cases, in the range of 0 to 0.5 m from the connector inlet, is represented in Figure

4.3(al,a2). However, the Swirler-6 connector provided a shorter distance to achieve
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homogeneous temperature than the T-shaped connector (indicated by the yellow color at the
center in Figure 4.3(al)). Furthermore, the particle tracking shown in Figure 4.3(b1,b2)
revealed a remarkable distinction profile. The T-shaped case could not allow the FeNi aerosol
(red line) to mix with the HMDSO vapor (blue line) immediately in the connector part. Even
though the HMDSO vapor trajectory seemed to be spread fairly surrounding the FeNi aerosol
in a few centimeters forward from the reactor inlet, the HMDSO vapor moved to the one-side
of the reactor, which is shown by ununiform mixing (separated by the blue and red line at arrow
1, as pointed in Figures 4.3(b1) and Figure 4.3(c1)). As a result, a region with a relatively
high concentration of HMDSO vapor and low concentrations of FeNi aerosol formed, resulting
in homogeneous nucleation. In contrast to heterogeneous nucleation, the homogeneous
nucleation is defined by the formation of new particles from gaseous compounds in the absence
of any surface.’” Moreover, another region was dominated by FeNi aerosol with a significantly
low HMDSO concentration, which could explain the production of uncoated particles. It is
supported by the previous work from Teleki et al and Gass et al, the poor mixing between
HMDSO vapor and core particles led to the separate SiO; particles with the presence of coated
and uncoated particles due to homogeneous coating. On the other hand, the Swirler-6 case
resulted in uniform mixing instantly at the HMDSO vapor introduction. Even dispersion of
FeNi aerosol (red line) and HMDSO vapor (blue line) could be maintained alongside the axial
reactor, as denoted by arrow 2 in Figure 4.3(b2) and Figure 4.3(c2), suppressing the
homogeneous nucleation and allowing heterogeneous nucleation to dominate. Thus, the

particles with a higher CR and fewer generated nanoparticles were achieved.
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Figure 4.3. The CFD simulation results from different connectors: (a) Temperature distribution on cross-
sectional along the axis reactor, blue (bellow 573 K), red (1673 K). Particles trajectory (b) along the axis
reactor and (c) near the reactor outlet. 1) T-shaped, 2) Swirler-6. (d) The centerline on the temperature
distribution (blue), particle residence time (red), and degradation of the HMDSO concentration due to
SiO, generation (black) as a function of length. T-shaped (dashed-line), Swirler-6 (solid line).

Furthermore, the HMDSO decomposition was calculated from the integration of the

oxidation rate as a function of temperature over time. Figure 4.3(d) showed a centerline
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temperature in connector and reactor sections (blue line) as well as the particle residence time
(red line) based on the CFD calculation from two connectors, i.e. T-shaped and Swirler-6. This
figure revealed relatively different values in temperature and residence time from those
connectors in close-up image despite an overall similar trendline as seen in Figure C.S2. It is
obvious that the use of T-shape connector provided a sudden increase of the temperature in a
short residence time. Consequently, the SiO; generation began as soon as the HMDSO entered
the reactor with a length between 0.25 and 0.34 m, as described in the plot of HMDSO
concentration as a function of length (dashed black line in Figure 4.3(d)). Thereby, the rapid
increase in temperature may also cause homogeneous nucleation besides the poor mixing
between aerosols (Figure 4.3(b1)).>> Meanwhile, the use of Swirler-6 led to gradual
temperature and residence time increases, causing the degradation of HMDSO concentration
to begin at 0.28 m, within a shorter distance than the T-shaped case. The combination of gentle
heat up and effective mixing of FeNi and HMDSO vapor resulted in heterogeneous

nucleation.!833

Hence, the CR increased, while the nanoparticle amount decreased
significantly.

Apart from these two cases, the Swirler-3 case demonstrated a similar phenomenon to
the T-shaped case. Although the mixing performance near the connector appeared to be
rigorous, ununiform mixing in the subsequent reactor part (Figure C.S3) and a rapid increase
in centerline temperature (Figure C.S4) were insufficient to significantly suppress
homogeneous nucleation. As a result, the CR slightly improved and the number of the
nanoparticles remained. Based on these observations, it is noticeable that besides the geometry
of the Swirler-6 is the best candidate among the applied connectors, the more evenly distributed
HMDSO vapor surrounding the FeNi aerosol, as well as the gentler temperature rise, would
improve the CR and decrease nanoparticles generation. Therefore, further optimization was
performed by controlling the additional gas flow rate (Q.) with Swirler-6.

Figure 4.4(al-a3) presented the successful production of FeNi@SiO: particles in
various Q.. FeNi@SiOz particles with smooth surfaces produced at flow rates of 3 and 5 L/min.
The generated nanoparticles were remarkably reduced by using higher Q,, i.e. 5 L/min, as
revealed in the TEM images in Figure 4.4(b1,b2). It was noticed that raising Q,, resulted in a
more fairly distributed HMDSO vapor. However, a further increase in Q. to 7 L/min, resulted
in a significant amount of nanoparticle generation (see Figure 4.4(b3)). The increase in Q, was
most likely resulted by a lower concentration of the HMDSO in the gas flow, thereby

expanding the space between the generated SiO, and FeNi aerosols. In addition, a high flow
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rate provided insufficient residence time, limiting the interaction between generated SiO» and

FeNi aerosols. Thus, the remaining generated SiO; was obtained as generated nanoparticles.
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Figure 4.4. Effect of additional gas flow rates on the morphology of FeNi@SiO; particles. (a) SEM images
and (b) TEM images of the applied Qa: 1) 3 L/min, 2) 5 L/min, 3) 7 L/min, (Number of * indicate the level
amount of nanoparticles). (c) Effect of the additional gas flow rates on the coating ratio (CR) and shell
thickness (t.). (d) XRD pattern of the FeNi@SiO; particles (Sw6-14-5).

By measuring the shell thickness and FeNi@SiO> particle size distribution from
approximately 400 particles in the TEM images, the shell thickness shown in Figure 4.4(c)
confirms that the higher Q. allows for a thinner SiO> shell due to the lower concentration of
HMDSO in the fluid flow and shorter residence time in the reactor. The Q, variation at 3, 5,
and 7 L/min resulted in shell diameters of 27, 25, and 22 nm, respectively. The shell thickness
was also considered to proportionally affect the diameter of the FeNi@SiO; particles. A slight

difference in the geometric mean diameter of the particles and the geometric standard deviation
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(dav,¢/04,¢), which were 361 nm/1.54, 353 nm/1.49, and 350 nm/1.60 as Q, increased from 3 to
7 L/min are described in Figure C.S5. Based on the CR calculation, the level amount of the

nanoparticle generation was inversed relatively to the percentage of the CR. Hence, the sample

of Swo6-14-5 was the best to obtain the highest CR 0f 95.9% compared with the sample of Sw6-
14-3 and Sw6-14-7 with CRs of 94.8% and 93.1%, in turn.

Figure 4.5. HAADF-STEM image and elemental mapping of cross-sectional FeNi@SiO; particles (Sw6-
14-5).

The crystal structure analysis of the sample Sw6-14-5 also demonstrated the successful
synthesis of FeNi as the core of the particle. The XRD pattern in Figure 4(d) revealed an FeNi
crystal structure without oxidized iron or nickel peaks. It denoted that the reduction process
proceeded completely. Cross-sectional HAADF-STEM analysis was used to further verify the
structure of the synthesized particle. The core-shell FeNi@SiO> particles without the
composite FeNi/SiO; formation are represented in Figure 5. The EDS mapping on the cross-
section of the particles revealed the FeNi core without its oxidation state and the shell of SiO».
The image was also dominated by the presence of FeNi@SiO» particles with a few uncoated

particles, corresponding to the coating ratio calculation from the TEM images (Figure 4 (b2)).
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Figure 4.6. (a) Normalized eddy current loss in various packing densities, and (b) deterioration of the
normalized permeability value of the applied FeNi and FeNi@SiO; particles in a powder core.

The effectiveness of the FeNi@SiO; particles was revealed by incorporating the
particles into a powder magnetic core. The eddy current loss measurement was conducted by
different packing density. Comparing the application of FeNi@SiO2 and FeNi particles in the
powder core, the FeNi@SiO; particles resulted in a lower eddy current loss at the same packing
density (Figure 4.6(a)). It proved that the silica shell may suppress the inter-particle eddy
current throughout the powder magnetic core.” Critically, at the same level of eddy current loss
value, the FeNi@SiO: particles provided a higher packing density than that of the FeNi
particles. The packing density is a crucial parameter in obtaining prominent DC bias
characteristics® which is described by the declination in the normalized permeability value in
the powder cores along with the electric current improvement (Figure 4.6(b)). The DC bias
characteristic was represented by the I value as the saturation point determined by 30%
deteriorating value of the relative permeability. The use of FeNi@SiO» particles could maintain
the deterioration of relative permeability at higher DC bias currents than the use of FeNi
particles. The . value obtained using FeNi@SiO: particles was 17.0 A, whereas the value
obtained using uncoated FeNi was 14.3 A. It can be concluded that FeNi@SiO> particles were
substantially more effective than FeNi particles, as the secondary particles in a powder

magnetic core.
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5.1 Conclusion

A single-step production of FeNi@SiO, particles was successfully performed using a
connector-assisted spray pyrolysis method with different types of connectors. The effect of the
connector geometries, i.e. T-shaped, Swirler-3, or Swirler-6 types, was firstly investigated by
means of the particle characteristics. The TEM images demonstrated the coating quality of the
FeNi@SiO: particles by calculating the number of coated particles percentage as the CR and
observing the level amount of the undesired nanoparticle generation. Notably, the connector
geometry exhibited a crucial role in the coating quality. Swirler-6, a swirler connector, revealed
the most prominent type for introducing HMDSO vapor to the FeNi aerosol with the highest
CR value of 95.9% and the lowest level of nanoparticle generation. According to the CFD
simulation, the uniform dispersion between FeNi aerosol and HMDSO vapor is critical for
heterogeneous nucleation, resulting in a high coating ratio percentage and a small number of
generated nanoparticles. Furthermore, the effect of additional gas flow rates (Q.) was
investigated by varying the Q. of 3, 5, and 7 L/min. Although the increase in the Q. from 3 to
5 L/min resulted in a more evenly distributed HMDSO vapor, which improved the coating
quality, further increasing the Q. to 7 L/min resulted in a lower coating quality due to
insufficient residence time and adjacent space among FeNi aerosol and generated SiO». The
efficiency of the produced FeNi@SiO> particles from the most optimum condition in this
experiment was then evaluated through magnetic characterization of the powder core. The use
of the FeNi@SiO: particles as the secondary particles exhibited a remarkable benefit in the DC

bias characteristics and eddy current loss value compared with uncoated FeNi particles.
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Conclusions and Future Perspective

5.1 Conclusions

The advanced soft-magnetic material such as FeNi particles has contributed to the
development of power converter component for realizing sustainable development goals. The
manufacturing spherical submicron-sized iron nickel (FeNi) and silica-coated iron nickel
(FeNi@Si0Oy) particles in a direct, benign, and an effective process has been successfully
conducted via spray pyrolysis method. Various harmless reduction agents, temperatures, and
precursor carrier gas flow rates were investigated to obtain the FeNi particles with the spherical
shape, dense structure, smooth surface, and absence of its oxide. It was found that these
parameters are of importance for controlling the FeNi particles characteristics. In general, the
higher reduction atmosphere provided by the reduction agents and the longer particles
residence time owing to the lower carrier gas flow rates is favor of the targeted FeNi particles.
In terms of FeNi@SiO» particles production, it was pointed that the equipment design plays an
important role in obtaining the particles with high coating quality because it mainly controls
the mixing between FeNi core and SiO: shell during coating process. Besides, a numerical
approach based on computational fluid dynamics was conducted to propose a plausible
particles formation. The highlighted conclusions in this thesis are listed as follows:

1. Submicron-sized FeNi particles were prepared by utilizing ethanol, ethylene glycol, and
formic acid as harmless and low-cost reduction agents. The effectiveness of reduction
agents was evaluated across a concentration range of 0-30 vol%. It was found that the
type and concentration of reduction agents play a crucial role in determining the
characteristics of FeNi particles. Ethanol and ethylene glycol, at higher concentrations
(25 vol%), yielded smooth and spherical FeNi particles of submicron size. On the other
hand, formic acid resulted in irregularly shaped particles with a Janus structure,
comprising FeNi and FeO. A plausible mechanism for the reduction of metal salts was
proposed, indicating that the type of reduction agent not only affects the extent of
reduction but also influences the morphology of the particles during the synthesis

process.
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2. For the first time, submicron-sized FeNi particles have been applied as the secondary

particles of a powder core inductor. The characteristics of FeNi particles are
significantly influenced by process parameters in spray pyrolysis method, specifically
temperature and carrier gas flow rates. Higher temperatures and lower carrier gas flow
rates result in denser FeNi particles, transforming them from low-density to high-
density structures. Whereas lower carrier gas flow rates yield a higher proportion of
dense particles, a narrower particle size distribution, and an increased crystallite
diameter. The densification process proves advantageous for incorporating FeNi
particles as secondary materials in powder cores. The denser and smaller FeNi particles
demonstrate improved performance in terms of DC bias characteristics and effectively
distribute non-magnetic regions adjacent to them.

The one-step synthesis of FeNi@SiO» particles was carried out by using connector-
assisted spray pyrolysis as a new approach. It was revealed that the connector types
significantly affected to the coating quality of FeNi@SiO: particles. Swirler type
connector, i.e., Swirler-6, resulted the highest coating ratio and the lowest free SiO»
nanoparticles because this connector can maintain intense mixing between FeNi and
Si0; sources. Computational fluid dynamics (CFD) was performed to understand the
plausible coating phenomenon. The resulted FeNi@SiO; particles was applied for the
secondary particle of a powder core. It showed that the FeNi@SiO; particles enhanced
the magnetic characteristic of the powder core inductor.

It is noteworthy that the utilization of the FeNi and FeNi@SiO; particles enhances the

magnetic characteristic of a powder core inductor, which promises a better performance for the

advancement digital and electric machines.

5.2 Suggestion for further investigations

1.

A numerical approach based on population balance model should be conducted to
understand the more plausible mechanism of FeNi@SiO: particles formation. Other
possibilities of the formation of FeNi@SiO> particles such as the scavenging of SiO>
particles onto FeNi particles during in-flight or the diffusion of SiO; source into the
FeNi source followed by the particles drying that starts from the formation of SiO; shell
to the FeNi core.
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2. Controlling SiO: shell thickness is critical for the wide application of the FeNi@SiO>
particles. A precise control over the SiO» shell thickness allows for optimization of the
particle's magnetic and electrical properties. Thicker shells can provide better insulation
and protection, minimizing interactions between the FeNi core and the surrounding
environment. This is particularly important in applications where the particles are
exposed to harsh conditions, such as high temperatures, humidity, or corrosive
substances.

3. Inorder to precisely control the silica shell thickness on the FeNi particles, it is strongly
suggested to perform an experiment to get the number of precursor droplet provided by
ultrasonic nebulizer since the number of core particles would determine the coating
performance. There is a minimum number of droplet that could prevent the
homogeneous nucleation.

4. Direct synthesized silica-coated Fe particles (Fe@SiOz) can be considered by using
spray pyrolysis for further powder core inductor development. To the best of my
knowledge, there is no study that successfully produced Fe@SiO; particles in one-step
process and apply it for a power converter component. It is believed that the Fe@SiO»
particles can provide a better magnetic characteristic on a powder core compared to

FeNi@SiO: particles owing to the higher magnetic saturation value of Fe over FeNi.
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Appendix. A

Supporting Information: Direct synthesis of submicron FeNi particles via spray pyrolysis
using various reduction agents

A.1 Effect of the temperature on the crystallite structure of FeNi particles in the absence
of reduction agents

The synthesis of FeNi particles by spray pyrolysis was conducted using a controllable

electric furnace at a constant temperature. The temperature is monitored using thermocouples

inside the tube (see Figure A.S1).
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Figure A.S1. Temperature distribution inside spray pyrolysis reactor.

To find the optimum temperature for producing FeNi particles, preliminary
experiments were performed in the absence of reduction agents between 900 and 1300°C. The
crystal structures of the products were analyzed using XRD, shown in Figure A.S2. This figure

depicts iron nickel oxide (NixFes;.xO4) and nickel oxide (NiO) as the main product in the
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samples of W100 9 and W100 10. This indicates that temperatures of 900 and 1000°C are
insufficient to reduce the oxidation state of this metal. Slightly increasing the temperature to
1100°C produces three main peaks of face centered cubic (fcc) suggesting FeNi crystals
appearing in small amounts (sample W100 11). The FeNi crystal structure further increases at
the applied temperatures of 1200 and 1300°C. However, it is noticeable that the crystal phases
between W100 12 and W100 13 have little difference.

Table A.S1. Experimental conditions of the preliminary experiments.

Sample name Solvent- Reductlon agent Temperature (°C)
Reduction agent  concentration (vol%)
W100 9 900
W100 10 1000
W100 11 Water (W) 0 1100
W100 12 1200
W100 13 1300
ET25 11 Water-Ethanol (ET) 25 1100

The increase of the intensity of FeNi as well as Fe3O4 and FeiO crystals correspond to
the increase in temperature. Inversely, the peak of the NixFes:.xO4 and NiO decrease with
temperature. This phenomenon is in accordance with the following reaction of thermal
decomposition and reduction [108-110,160,161].

Fe(NO3);.9H20 — Fe(OH)2.NOs + H,0 + HNO; — FexO3 + NO2 + O2 + HoO (A.1)

Ni(NO3)2.6H>0 — Ni(OH).NO3 + H,0 + HNO3 — NiO + NO, + Oz + H,0 (A.2)
Fe;03 + NiO — NixFes.xO4 (A.3)

Fe203 — Fe304 (A.4)

NixFe3;xOs — NiO + Fe304 — Ni + FesO4 — Fei«O + FeNi (A.5)

The XRD pattern between W100 12 and W100 13 proves that the conversion of FeNi cannot
be completed because of the water adsorption at the iron oxide and FeNi interface of the
particles [116]. Therefore, the FeNi particle synthesis in various reduction agents is conducted

at the temperature of 1200°C.
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Figure A.S2. XRD pattern of FeNi particles using water as a solvent at various temperatures.

A.2 Effect of the reduction agent concentration on the crystallite structure of FeNi
particles

The crystal structure of the fabricated FeNi particles in the different reduction agents
was confirmed using XRD (Figure A.S3). The crystal structure of FeNi and Fe;«O were
recognized at lower concentrations of ethanol and ethylene glycol (sample ET10, ET15, EG10,
EG15). Meanwhile, increasing the concentration of these reduction agents yielded FeNi
particles with no oxidation state in the samples of ET25, ET30, EG25, EG30. Conversely,
formic acid produced samples of FA10 to FA30 with the presence of FeO (e.g., Fe3O4 and Fe1-

x0) at all tested concentrations.

A.3 Effect of the temperature on the morphology of FeNi particles in the absence of
reduction agents
The morphology of the product in 100 vol% of water was confirmed using SEM at
various temperatures shown in Figure A.S4. This figure reveals that the applied temperature
significantly affects the morphology of the particles. At 900°C, rough and spherical particles

were obtained. Particle formation becomes more spherical as the temperature is increased
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1000°C (Figure A.S4(a), (b)). Meanwhile, heterostructure particles with whisker formation
(fibrous iron metal growth over the iron oxide) occurred at 1100°C (Figure A.S4(c)). These
whiskers are generally formed by the nucleation of iron on the iron oxide surface during

reduction in a H> gas atmosphere [162].
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Figure A.S3. Crystal structure of FeNi particles synthesized using (a) Ethanol, (b) Formic acid, (c) Ethylene
glycol.
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Figure A.S4. SEM images of FeNi particles synthesized using water as a solvent in various temperatures
(a) 900 °C, (b) 1000 °C, (c) 1100 °C, (d) 1200 °C, (e) 1300 °C.

A further increase in temperature to 1200°C might encourage particle sintering [163]
(Figure A.S4(d)) and the driving force of reduction by H, gas thermodynamically and
kinetically according to the Baur-Glassner diagram. Accordingly, dense formations of the Fe
phase on the iron oxide surface were generated. However, increasing the temperature to 1300°C
in Figure A.S4 (e) showed an insignificant difference to particle morphology and crystal

structure (Figure A.S2). Although this temperature increases the reduction driving force, the
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water vapor from the reduction reaction, and causes H>O partial pressure build up in the gas
mixture. Consequently, these water molecules can be absorbed at the free reaction sites of iron
and iron oxide, which blocks the further progress of reduction and decelerates the iron nuclei
growth rate.

The crystal structure of ET25 11 at 1100°C is shown in Figure A.S2, and iron oxide is
still generated at this temperature because of insufficient energy. This result supports that the
temperature should be 1200°C for this study of the effect of reduction agents on FeNi particle

formation.

A.4 Particle size distribution of the case of 25 vol’% reduction agents
The reduction agent types lead to the precursor properties such as density, viscosity, and
surface tension which affected the particle size distribution as presented in the Table A.S2 and

Figure A.S5, respectively.

Table A.S2 Precursor properties in different solvents

in 25 vol% in25 vol%

Property of Fe(NO3)3 in 25 vol%
in water formic acid- ethylene
and Ni(NO3): solution ethanol-water
water glycol-water
surface tension (mN/m) 74.2 39.3 56.45 63.55
density (kg/m’) 1134 1109.5 1218.5 1185.4
viscosity (Pa.s) 0.0010 0.0020 0.0012 0.0022
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Figure A.S5. Effect of the solvent type on the FeNi particle size distribution: (a) 25 vol% ethanol, (b) 25
vol% formic acid, (c) 25 vol% ethylene glycol, and (d) water. da is the geometric mean diameter, gg is
the geometric standard deviation.

A.5 Atomic distribution of the particle with the spherical and Janus structure

To confirm the atomic distribution and chemical composition in the particle, EDS
analysis is conducted (Figure A.S6). The Janus structure resulted from formic acid showed
that the particles comprise different chemical structures that belong to FeNi at position 2 and
FeO (Fe;04 and Fe1xO) at position 1. Conversely, the spherical particles generated by ethanol
indicate FeNi only (position 3).
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Figure A.S6. EDS analysis of (a) the Janus structure (FA25) and (b) the spherical structure (ET25).

A.6 Thermogravimetric analysis and thermal decomposition of the solid precursor
Figure A.S7 shows thermal decomposition and metal salt reduction using
thermogravimetric analysis (TGA) under 5% H»>-N, with a heating rate of 10 °C/min. Water
evaporation is confirmed by the first mass loss. Then, further increases in temperature represent
the precipitation of Fe(OH)..NO3 and Ni(OH).NO;. Moreover, the precipitated solids are
decomposed into Fe2O3 and NiO at 250°C [3]. Furthermore, the reaction between Fe,O3 and
NiO occurs to generate NixFe;«O4 following equation (1) — (3). Finally, the NixFe;«O4 is
reduced to FeNi, which is confirmed by 17 wt% of the remaining weight and the silver metallic

color of the final product.
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Figure A.S7. Thermogravimetric analysis of the solid precursor.

Additionally, to prove the polyol mechanism in the ethylene glycol case, a thermal
decomposition test is performed by evaporating the four precursor solutions at 200°C in air.
The separated color of the precipitated solid caused by the ethylene glycol is evidence of the
different precipitation of Fe(OH),.NO3z and Ni(OH).NO; in comparison to the others (Figure
A.S8).

v

Formic Ethylene
Acid glycol

W ater Ethanol

Figure A.S8. The precipitated solid of the precursor solutions at 200°C under the air.
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A.7 Reduction agent decomposition by Computational Fluid Dynamics

To better understand FeNi particle formation, a simulation of ethanol decomposition
was conducted using a Computational Fluid Dynamics (CFD) approach. The simulation was
conducted over the volume of the spray pyrolysis reactor. The domain was divided into 147,000
mesh with an average skewness of 0.14 and the orthogonal quality of 0.98. The momentum
transport was modelled by Reynold Average Navier Stokes (RANS), k-¢ model (equation (A.6)
to (A.8)). Furthermore, the ethanol decomposition was assumed by the main reaction. It was

described by the local mass transport model (equation (A.9)) from each species (Y;).
% (pk) + aixl- (pku;) = (%j [(u + 5—;) :—9’;] + G+ G, —pe—Yy + S, (A.6)
% (02) + 5 (pew) = o |(u+2) 2] + Coe £ (G + CoeGr) = Coep T+ 5. (A)
Gy = —puifu] 52 (A8)
S (PY) V- (pPY) =~V J + R +5, (A.9)

Turbulent or eddy viscosity calculated by p; = pC, k;,ut.Cu is constant 0.09. C;, Cy,
are 1.44, 1.92; oy, g, are the Prantdl Numbers 1, 1.3; S, S), are user defined sources. R; is the
net rate of production of species % by chemical reaction and S; is the rate of creation by addition
from the dispersed phase plus any user-defined sources. An equation of this form will be solved
for N—1 species where N is the total number of fluid phase chemical species present in the
system. Because the mass fraction of the species must sum to unity, the N mass fraction is
determined as one minus the sum of the N—1 solved mass fractions. To minimize numerical
error, the N species should be selected as that species with the overall largest mass fraction,
such as N> when the oxidizer is air [9]. The activation energy of H> gas generation from ethanol,
formic acid, and ethylene glycol are 174 kJ/mol [10], 70.7 kJ/mol [11], 100 kJ/mol [12],
respectively. The physical properties of all chemical components followed the Ansys Fluent
database. Additionally, the density and the heat capacity of the ethylene glycol were defined at
constant values of 2.1 kg/m® and 156.4 J/mol K [13], in turn. Meanwhile, the density and the
heat capacity of the formic acid were 1.6 kg/m? and 97.91 J/mol K [14].

The simulation was validated by the temperature distribution at the center of the spray
pyrolysis reactor and the characteristic of the ethanol decomposition product. Figure A.S9(a)
describes that the simulation agrees with H», CO, and ethanol concentration [15]. Based on
the simulation result of the ethanol case, the two stages are possible to be proposed in the FeNi

particle formation. The first stage represents the mechanism on the evaporation and thermal
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decomposition of the precursor solution into Fe>O3 and NiO for the first 250°C. It is supported
by the relatively low H> gas generated from ethanol decomposition at this temperature.
Secondly, the reduction is the main mechanism producing FeNi particles during the second
stage. It is confirmed by the relatively high concentration of Hz gas along with the decrease of
ethanol concentration throughout the reactor. Figure A.S9 (b) and (¢) represent the simulation
of the formic acid and ethylene glycol decomposition, respectively. The temperature and the
mol fraction of the chemical components in all cases show so similar characteristic that the
particle formation can be generalized into (i) evaporation and chemical reaction as well as (ii)

reduction stages.
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Figure A.S9. The reduction agent decomposition by Computational Fluid Dynamics simulation: (a)
ethanol, (b) formic acid, (c) ethylene glycol
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Supporting Information: DC bias characteristic enhancement of the powder core by using
densified submicron sized FeNi particles through spray pyrolysis

B.1 Characteristics of FeNi particles in various precursor concentrations

In our previous report, the use of 25 vol% ethanol was useful to produce the spherical and
submicron sized FeNi particles from its metal salt form. To increase the production rate, a
preliminary experiment was conducted by applying various concentrations of the precursor
solution, i.e., 0.2, 0.3, 0.4, and 0.6 mol/L. An increase of the solution concentration resulted in
an increase of the metal oxide phase owing to an insufficient reduction agent. Figure B.S1
shows spherical particles with the Fe and Ni atoms distributed uniformly from the precursor
concentration of 0.2 mol/L, while Janus particles occurred in the two phases of FeNi and FeO
from the precursor concentration of 0.6 mol/L. Consequently, the magnetic saturation flux
density (Bs) value plummeted from 1.5 T to 0.9 T for the concentrations of 0.2 mol/L to 0.6

mol/L, as shown in Figure B.S2.

B.2 Measurement of the hollow percentage by TEM image

Particle count from TEM images was used to determine the hollow percentage of the
resulting particles as presented in Figure B.S3. We calculated the number of particles at least
400 particles. The amount of hollow and dense particles are summarized statistically in Figure

B.S4.

B.3 Gas chromatography analysis

To confirm carbon formation as a side effect of the ethanol decomposition, gas
chromatography analysis was conducted by using a Shimadzu GC-14B (Shimadzu, Japan) gas
chromatograph equipped with a split/spitless injector. The chromatograms were recorded and
calculated by using a Shimadzu C-R8A (Shimadzu, Japan) computing integrator. The gas
chromatography analysis shown in Figure B.S5 depicts the gas composition in the flue gas

from the fed solution droplet of 25 vol% ethanol into the spray pyrolysis reactor at 1200 °C.
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Figure B.S1. Elemental mapping of FeNi particles in different concentrations: (a) 0.2 mol/L; b) 0.6 mol/L.
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Figure B.S2. Magnetization characteristic of FeNi particles in various precursor concentrations.
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Figure B.S3. Calculating the hollow particle percentage from the TEM images. The blue arrow is
indicating the hollow particles.

500
H dense 2 hollow

450 420
: 400 366
+ 350
§ 300 289
o
o 250
v 200
‘.E 149 154
© 150
R 100 .

50 /
. . _ .
$12-5.0 $12-2.5 S12-1.3

Figure B.S4. The bar chart of the dense and hollow FeNi particles count
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Figure B.S5. Gas chromatography analysis of the flue gas from 25 vol% ethanol-water.

B.4 Confirmation of the L1, phase of FeNi particles

An XRD pattern at a low angle was used to validate the presence of the hard magnetic
material characteristic, which was most likely present in the FeNi based material. All of our

samples were absent of the L1o phase of FeNi particles, as shown in Figure B.S6.
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Figure B.S6. XRD pattern at a low angle of the submicron FeNi particles.
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Figure B.S7. Hysteresis loop of FeNi particles in various carrier gas flow rates at 1200 °C.

B.5 Measurement of the adjacent non-magnetic region
The adjacent non-magnetic region was determined by measuring the distance between
particles. The distance of each particle was measured in at least 4 directions, as shown in Figure

B.S8, and then the average distance was calculated as the quantitative particle distance.
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Figure B.S8. Schematic distance measurement for individual particles.
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Supporting Information: One-step synthesis of SiO, coated FeNi particles by using swirler
connector-assisted spray pyrolysis

C.1 Simulation-based on Computational Fluid Dynamics (CFD)

Because of the limitations in the experimental method, a CFD simulation was performed
using Fluent, embedded in Workbench 2021 R1 (Student version). The calculation domain for
each system, including the connector and reactor parts was made separately using Space claim
and Meshing software. The meshing quality for each domain was maintained at approximately
250,000 mesh with a skewness below 0.25 and an orthogonal quality of 0.98. After considering
the range of Reynold number of each system, between 210 and 4776, Shear-Stress Transport
(SST) k-® model was cconsidered to model the momentum transport! because it modified
additional cross-diffusion terms in the ® equation and blending function to appropriately model

the near-wall and far-field zones as follows:?
2 (pI) + = (pleuy) = <rk . ) 4G =Y, +S, (C.1)
a a
a(pw)+a—xi(pwui)=—< o )+G —Y, +D, +5, (C2)

Where, G, is the generation of turbulence kinetic energy due to mean velocity gradients,
G, represents the o generation. ry, T, Yy, and Y, describe effective diffusivity of k and o as
well as dissipation of k and ® due to turbulence, respectively. D, is the cross-diffusion term,
while the S;, and S, are user-defined source terms. Regarding the particle tracking model, it
followed the Euler-Lagrangian approximation according to the low volume fraction of the
dispersed second phase. The calculation of mass as well as heat exchange followed inert

particle type as written in Eq. (3).

myc, =2 = hd, (T —T,) (C.3)

Where m,, is the mass of the particle (kg), ¢, is the heat capacity of the particle (J/kg.K), 4, is

the surface area of the particles (m?), T, is the local temperature of the continuous phase (K),

and h is the convective heat transfer coefficient (W/m?.K).
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(b) e

Figure C.S1. Geometry and geometry meshing of the connector and reactor parts in the use of different
connector types: (a) T-shaped, (b) Swirler-3, (c) Swirler-6

C.2 CFD simulation results

According to the CFD-calculated temperature and the degradation of the HMDSO
concentration as a function of length from the HMDSO vapor inlet, as shown in Figure
C.S2(a,b), the concentration of the HMDSO remained constant at the connector due to a low
level of temperature. In a later, the HMDSO concentration declined as the temperature

increased to approximately 900 K, indicating SiO> generation (Figure C.S2).
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Figure S2. Temperature distribution, FeNi aerosol and HMDSO vapor trajectory, the plot of HMDSO
concentration, and the temperature at the center as a function of length: (a) T-shaped (Ts-14-3), (b)
Swirler-6 (Sw6-14-3)
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Figure C.S3. FeNi aerosol and HMDSO vapor trajectory along with the connector and reactor in

different types of connectors (a) from the horizontal view, and (b) from the axial view at the outlet
position.
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Figure C.S3(a) describes the trajectory of FeNi aerosol and HMDSO vapor alongside
the connector-assisted spray pyrolysis reactor. Swirler-6 exhibited the most uniform
distribution between FeNi aerosol (red line) and HMDSO vapor (blue line). The T-shaped and
Swirler-3 connectors, on the other hand, showed the movement of the HMDSO vapor on one
side of the reactor, which is also significant from the trajectory of the particles near the outlet
of the reactor (Figure C.S3(b)). A sudden temperature raise that can result in homogeneous

nucleation® is shown in Figure C.S4.
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Figure C.S4. The plot of HMDSO concentration (black), residence time (red), and the temperature at
the center (blue) as a function of length: T-shaped (dashed-line), Swirler-3 (dotted-line), Swirler-6 (solid-
line).

C.3 FeNi@SiO, particles size and shell thickness distribution
The FeNi@SiO; particle’s size and shell thickness distribution were determined by

measuring approximately 400 particles from the TEM images using ruler software. An
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increase in the additional gas flow rates (Q.) results in a decrease in the average particle
diameter, as well as the average shell thickness (Figure C.S5). This is because of the low

concentration of the HMDSO in the total volume of the gas flow.
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Figure C.S5. Effect of the additional gas flow rates on the particle size distribution of the FeNi@SiO,: a)
3 L/min, b) 5 L/min, ¢) 7 L/min. ts4 is the geometric mean of the shell thickness, o4 is the geometric
standard deviation of the shell thickness, davgis the geometric mean of the FeNi@SiO; particles, and
Odg is the geometric standard deviation of the FeNi@SiO, particles.

C.4 Determining the HMDSO vapor inlet location and the additional gas flow rate

The position of the introduction of HMDSO affected to the synthesizing process. Therefore,
we investigated two positions in Swirler-6, those with a/b ratios of 3 and 1, as shown in Figure
C.S6(a). According to the simulation results, the position with a/b ratio of 3 resulted in a
strongly swirling flow inside the reactor. The position with a/b ratio of 1, on the other hand,
resulted in an axial flow due to decreasing of the swirling intensity inside the reactor. As a
result, the a/b ratio of 3 produced agglomerated particles (red arrow), whereas the a/b ratio of
1 produced individual particles (Figure C.S6(b)). Hence, the position of the connector is

determined by the a/b ratio of 1 for the investigation of all connectors.
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Figure C.S6. Effect of the connector position on the (a) FeNi aerosol and HMDSO vapor flows from the
simulation results, (b) morphology of the FeNi@SiO; particles from SEM analysis.

In terms of additional gas flow rates (Q.), we considered Q, of 1, 3, 5, and 7 L/min.
However, using Swirler-6 with a O, of 1 L/min resulted in inhomogeneous coating, as shown
in Figure C.S7. It could be caused by insufficient turbulent mixing of the FeNi aerosol and

HMDSO vapor flows. Therefore, the Q. effect was carried out at 3, 5, and 7 L/min.

Figure C.S7. The TEM image of the synthesized particles by applying Qa of 1 L/min.
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C.5 Coating ratio calculation based on TEM image

The coating ratio (CR) of the synthesized FeNi@SiO: is determined by the TEM images
of each sample. The CR is calculated by counting the number of coated particles divided by
the total number of particles using a minimum of 150 particles from duple experiments. The
coated particles are counted from fully coated particles, whereas the uncoated particles are

counted from uncoated and partially coated particles, as depicted in Figure S8.
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Figure C.S8. TEM image of the coated and uncoated FeNi@SiO; particles from the sample of Sw6-14-
3.

Figure C.S9(a-c) showed the particles count to obtain the CR value from different
samples. The average CR value of Sw6-14-3, Sw6-14-5, and Sw6-14-7 were 94.8%, 95.9%,
and 93.1% with the standard deviation values of 0.3%, 0.9%, and 1%, respectively.
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Figure C.S9. The counting of coated and uncoated FeNi@SiO; particles from the samples of (a) Sw6-
14-3, (b) Sw6-14-5, (c) Sw6-14-7.

C.5 Intermediate product of FeNi aerosol after preheater

To understand the intermediate product state, a paper filter is mounted at the preheater
outlet as shown in Figure C.S10(a). During flowing the FeNi aerosol into the preheater, Figure
C.S10(b) depicted fluid flow movement from a naked-eye view. Before passing through the

paper filter, a clear fluid flow is captured, whereas after passing through the paper filter, a
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cloudy fluid flow is seen. This indicated that the droplet was still maintained, reach its
saturation point, and had not yet altered to the precipitated solid. It is supported by the FeNi
precursor attached to the paper filter, as shown in Figure C.S10 (¢). The FeNi precursor trace

was visible even at the tube's outer cross-sectional circumference, which could be attributed to

the radial capillary.*
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Figure C.S10. (a) Experimental set up to observe the intermediate product, (b) the fluid flow inside the
tube before and after the paper filter, and (c) the paper filter condition after flowing FeNi aerosol.
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