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Abstract

Permanent magnets are one of the most important building blocks of motors, generators,
sersors, hard dks and more. Higenergy product permanent magnetsntain a
significant amount of rareearth elements. The extraction process of -emls are
expensive and energy intensive, and also hazardous for human health and the environment.
Moreover, supply chain issues of the ragaths addemstability in the permanent magnet

market

Addttionally, we are observingn increasedemandor permanehmagnets in past couple

of years because of the increasevehicle electrification, and increasing demaiad
renewable energy sources. In these regards, there is a necessity to pradeeadhfree
permanent magnet to reduite detrimentaleffect on human health arie environment

and have a stable supply chak.promising rareearthfree permanent magnet should
possess a high remanent magnetic flux density), (8 large coercivity (), and
consequently, a large energy product ((RH) U fijesN, has been emerging as one of
the promising candidates because of its large magnetocrystaline anisotropy of
1.8x10 erg/cni and high saturation flux density of 280 T and the abundant availability

of iron andnitrogenon the earth.

In this dissertation, a methatlas demonstrated f  f a b r -Feggd, tibbamgy wittJan
optimized microstructure to obtain high coerciviy/e developed a coercivity model based
on the microstructure analysis and refined the microstructure asifigrent alloy system.
We have designed awealloy based on B and Cu dopéttb theFe to obtain the suitable

microstructure for high coercivity, hendegh-energy product The alloy design and



development have been analyzed us&gcanning electron microscopeand xray

diffraction.

The solidstate phase transformatiorsre the keyto forming the thermodynamically
metastable mart ensi-RaNc a BedNJ. pnihes sissestatonswec h  a s
demonstrated nitrogen diffusion kit in the Cu and B dopele and found that the N

diffusion coefficient is two magnitudes lower in the FeCuB matrix than the undoped
nanocrystaline Fe. We also found the activation energy for N diffusion in FeCuB matrix

as of 76 kJ/mol. The activation egg is important to understand tinen nitride phases in

the Cu and B doped Fe. The martensitic phase transformation of FeN was also studied and
optimized t -Be;gNy phase.iThe chahge in fdicjostructure due to-stdide

phase transformations was also analyzed to

behavior on the Fe matrix and their relation to magnetic properties.

Finally, we also demonstrated a newly deped soft magnet with C doping in the FeN

compound, Minnealloy, with an ultdsigh saturation magnetization of 2815 T, which

is 27% higher than pure iron, and almdse times higher than Ferrite, the most used soft
magnetic material. High saturatidiux density wil be helpful in reducing the machine

size and weight.
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Chapter 1: Introduction

Magnets are one of the important building blocks of modern technological devices. People
started using magnets the 1400sin their compass to find out their way of discovering

new places. Michael Faraylfirst introduced the idea of magnetic induction and potential

of electromagnetic motor s, whi c hinduetemrs 6r ef i n
and finally more refined in by developing principles of electricity and magnetism relation

and underlying thermodynamics by Max Clerk
electromagnetism @howed the world how magnetics could be unutiized iningna DC
induction mot or using Faradayé6s |l aw of i nd
advanced us to find a suitable recording media storing bilions of documentbe years

see the core of our brain using Magnetic Resonance Imaging (MiRIgenerators and

motor in all kind of modern devices, and machines, which technically runs our ciilization,
detect critical things using magnetic sensors, and many more. The magnetic materials
market is of $3B in 2017, which hascompoundannual growh rate of 8.2941]. With

the fast progress in ¢helectrification of vehicles and increased dependence on the
renewable energy products, the demand for futuristic magnetic materials for higher
efficiency and size reduction is amassing greatly. Thus, the improvement in permanent
magnets and soft magnegot tremendous attention lagte years and funding for

improved magnets are getting higher each year.



1.1. Basic of magnetism

1.1.1. Magnetic dipoles and magnetic force lines

Magnets are indispensable parts of modern technological systems. The systeems
magnetic forces to operate with different working principles. The movement of electrically
charged particles results in generating the magnetic forces. The magnetic forces prevail in
a material in addition to arkind of electrostatic charges. Magnefiorcesare generally
indicatedwith lines of magnetic field, whicls confinedwithin a range from the source of

the field. Figure 1.1 shows the magnetic field lines of a magnet.
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Figure 1.1: Magnetic field lines around a baragnet[2]

Magnetic dipolesarethe result meant energy minimization by creating two poles in a

magnet. The two poles are named as south and paetbecause the magnetic field always



travels from north to soutbn the earth Within the magnetic field, a torque is generated

using themagnetic forces, which orients the magnetic dipoles within the field.

1.1.2.The magneticmoment of a material

The magneticmoment ismaterial is created by resultant of two phenomenpthe orbital

motion of electrons around the nucleus and, ii) the spin of electrons around own axis. An
electron came consideredsatiny magnet. The motion of an electron around the orbit can

be considereds charge moving around a circular pathe Bfectronsctlike a small loop

of current, which generates a small magnetic field and have a magnetic moment along the
axis of the rotation. Another magnetic moment source is the rotation of each electron
around its axis, c r geadthe mgmerdt arpabed aedomgdthe @uds @fw n 6

the rotation. Figure 1.2 shows the magnetic moments in a bar magnet and the source of the

magneticmoments

Magnetic Magnetic

moment moment
N !

—Electron
«
; Electron
3 rﬁ}(cjgtljcs/ ‘ -Direction
of spin
(a) ()

Figure 1.2 The magnetic moment as designated by an arrow, and the source of magnetic

moments in (a) and (1]

1.1.3. Magneticfield
The external field, H, of emagneit field around a magnet induced by electigrent can

be writtenas of:



N is the no otheturn of the conductarl is the current and | is the length of the conductor.

Figure 1.3 shows the induced magnetic field dubdfiow of electricity through the wires.

The magnetic induction or the magnetic flux density, B, y is the magnitude of the strength
of the internal ield within the material subjected to field H. The mathematical expression

of B relating to H camrite as:

"I

€ i s t he permeability of the magnet, wh i

determined by ratio the magnetic inductionttie magneticfield.

N turns

¢+ 1+ ¢ 1 * 3 0% v ! X 1
h

fa)

Figure 1.3: The magnetic flux induction in a material due to external {igld

In a ferromagnetic material, the magnetic spgedto align themselves with the external

magnetic field. Thus, the overall magnetic induction comes from two sources such as



external field and selhduction due tdhe magnetizationof the material, M. The magnetic

flux density carbe expressedsfoliows: [3]

1.1.4. Ferromagnetism, domains and hystesis loop

Ferromagnets are the typesmnoéterials, whichhavearemanenimagnetic momenin the
absence oéxternal magnetic moments. In ferromagnet materials, the coupling interaction
between atoms results thenetmagnetic moment without any external field. The coupling
interaction between atonasisesfrom the specific electronic structures. The spin alignment

exists over a region called magnetic domains.

OO
OO

QIOIO
OO

Figure 1.4: The magnetic alignment in a Ferromagnet, at H=0. The resultant magnetic

moment at zerdields is called the remanent magnetic momgjt

Magnetic domains of a ferromagnete shownin figure 1.5. Magnetic domains are the
small regions where all the magnetic spire directedowardsthe samedirection. Each

region is caled a domain and magnetizedto its saturation magnetization. In a



polycrystaline sample, there might be multiple magnetic domains inside one crystaline

grain, depending on the single domain size and the respective roadpretin size.

|
|
|
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e

One domain / Another domain

Domain wall /

Figure 1.5: The areas of unidirectional moments or domdgjs

The change of direction from one domain to another is not abrupappens through a
domain wall, where magnetic spins tend to change direction, as shown in figure 1.6. The
gradual change of moment direction helps in energy minimization and create an
intermediat e a r e adhecnamdnetizaton 6f chanatarislra weightd dl

average of the magnetization of eaomain



Domain
wall

Figure 1.6: The domain wall in between the domai®

The domain walls tend to move with the external magnetic field. The direction of the
motion is toward the direction of the external magnetic field. The phenoniestiavn in

figure 7, wherghe magneticdomain wall is moving, and also the material is experiencing

a change in magnetization. The change of B with H is not jintadepends on the
per meability, Inaly,othe magmetic flmxadensity ofdhe material is low
because of the mutual exclusion of the magnetization by different magnetic domains. The
magnetic domain walls move towards the external field and reduce the volume of the
domains whichare not alignedo the external field, shown in V to X ifigure 1.7. The
position Y in the graph shows the magnetic domain is unidirectional and finaly reaches to
maximum saturation magnetization in point Z. After that point, the magnetization becomes

independent dfhe appled field, andsaturation flux density no longer increases.
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Figure 1.7: The motion ofthe domainwall and its relation to B graph[2]

The ferromagnetic materials show a hysteresis behavior while characteritingr Bl-H
graph. Figure 1.8 shows the hysteresis loop ofgh®magnetic materials. The blue dotted
curve reached the saturation flux density,0BMs shown as point S in figure 1.8. If the
magnetic fieldis reversedrom that point, at zerdields, there is stil magnetic moment
remained in the material. That ipib is designatedas R, which is caled remanent
magnetization Bor the remanent flux density, \Mf we continue applyingamagneticfield

in the reverse direction, the magnetic domdiesomecompletely random,which results

in zero magnetienoment Themagnetic field requires for complete demagnetization of the

ferromagnetic materials is called coercivity; (Boint C). By applyinga continuedreverse



field, we would reach the maximum magnetization and would again apply a magnetic field

in the primary @ection would result in finding a hysteresis loop of the magnetic material.

1-. Field removal or
{ reversal
B | S

Initial
magnetization

el
0 +H, H—

Figure 1.8: The hysteresis behavior of the ferromagnetic matdgls

1.1.5. Magnetocrystalline anisotropy

Magnetcrystaline anisotropy is the directional nature of the magnetic crystaline
structure.Along certain direction othe crystaline material, the magnetic materials are

easft 0 magneti ze, whi ¢ h icertaindaekctiors af thedce/dalineg a x i s 6
magnet s, the is hard to magneti zEgud h% mat e
shows the MH loop of the single crystal Fe and Ni samples, wlleeanagneticfield is

applied in [100], [110] and [111] directionFor body-centeredCubic (BCC) Fe, the easy

axis was [10Q]and the hard axis was [111]; whereas for the faeered cubic (FCC) Ni

is completely reversed.
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Figure 1.9: The effect of the magnetocrystaline anisotropy on the hysteresis loop of Fe

and Ni along different directiof2]

1.2. Soft and hard magnetic materials

Soft and hard magnetic materials are very important materiakhdgoower generators,
motors, power conversionandsensors. Figure 1.10 shows the hysteresis loops of the hard
and soft magnets. Hard magnets have higher coercivity relative to the soft magnetic
materials. Hard magnetic materials nedijher magnetic field to demagnetize, that is the

reason why t hey ar e Bardradgreethre usady theesynchcoaold y i h ¢
motors and generators, hard disc recording media, loudspeakers, consumer electronics and

more.

On the other side, soft magfit materials havdow coercivity and high permeability.
Because of the high permeabilty, soft magnets can reach saturation flux densityyeB at

small external field, H. Moreover, the low coercivity of the soft magmedbles them to

10



reduce the enerdgss due tdhe hysteresiof the magnetic profie. The hysteresis loss of
a magnet is dependent on the area under the hysteresis curve. Thus, by reducing coercivity,
the hysteresis loss can be reduced. Soft magnetssedh transformer cores, motor @s,

inductors, medical devices, consumer electronicsvaitdr heads in hard disk drives.

B B
(" ;"'— 4
Small
Coercive Force Large
— = - Coercive Force
-
H H

4"/ e e

"Soft” Ferromagnetic “Hard” Ferromagnetic
Material Material

Figure 1.10. The hysteresis loop of a soft magnet and a hard magnet

1.3.Insearch ofarare -e arth-free permanent magnet/hard magnet

Technologically permanent magnets are very important for the development of the
synchronous motors and generators, recording media, aciuatdribudspeakers. The

total market of the permanent magnets is of approximately Bb16 2017, which is
expected to grow to $2B in 2022 [1]. The increased dematfidr permanent magnefs

due to increase vehicle electrifications and increased dependence in the renewable energy

products. The motors used in electric vehicles,

11



Permanent magnetare usedin the defense and space applicationmwer plants,
automobiles, aerospace and marine applications, hard disc recording media, and more. The
figure of merit a permanent magnet is the energy product of {BHYhe (BH),.x Of a
magnet is the maximum product of B and H in the second quadréame B-H loop. The
demagnetization curve of the magnet starts in the first quadasatthe complete

demagnetization occurs in the second quadrant.

Thus, the (BH)xis measuredh the second quadrant. Figure 1.11 shows the hysteresis

loop of the permaent magnets and the (BH)of the permanent magnet.

B/
/

BH

/

|

Figure 1.11: The energy product, (BH)xof the permanent magnets

The use of permanent magnets date backetSongdynasty in between 300 and 200 BC
by Chinese merchants used Loadstonetliercompass The modern use of permanent

magnets started ithe early 1900s when the fabrication of synthetic permanent magnets

12



from tungsten steel. The discovery of Ba and Sr tésrried to a cheaper adoption of
permanent magnets. The discovery of AINiCo came with a big breakthroulga 18305

which came up with twice energy product than Ferfi@sAINICo is an alloy with FeCo
needles embedded in thdNi matrix [5]. The directional growth of FeCo needles helps
AINiCo obtain high shape anisoppy to have high coercivity, consequentigh-energy
product. The biggest breakthrough in the use of permanent magnets tae¥BOsafter

the discovery of SmGomagnets[6]. The SmCeg magnets almost doubled the energy
product of permanent magnets by 1978sdit led to the increased use of permanent
magnets because tfe opportunity to reduce machine size with similar efficiency and
price range. However, a crisis in the Co supply chain due to civi war at Congo caused a
search in a replacement magnet freeCoi GeneralMotors and Summito Inc. both
independently came up with NdFeB alloy with ulligh coercivity and high energy
product in 198471 9]. A relentless effort to in improving the material propertias been
donein last 40 years. Thus, we obtained an energy product of 56 MGOe with NdFeB
magnetq10], almost 90% of its predictedalues[11]. However,NdFeBhad a low Curie
temperature and was needed to be engineered to obtain high thermal stabilty. The use of

heavy rareearthsuch as Dy increased the operating temperature of the NdFeB magnets up

t o 2@R13 C

Figure 1.12 shows the energy produst the price and the market share of the currently
available permanent magnets. SmCo magnets are high priced magnetseadiamlevel

of energy producthowever has an operating temperatweep t o 300 C. Thu
magnets are more suitable faigh-temperatureapplications, which limited their market

penetration only slightly above 2%. The Alnico magnets r@venergyproduct of 57

13



MGOe and can be oper at e dppications iohighetdmperatue. Al ni
applications, which haa marketshare of lttle below 2%The majority of the market is
dominated by NdFeB and Ferrite magne$intered NdFeB has the highest available

energy product among all magnets, and has the highastet share of 47.5%. The more
expensive NdFeB magnets are bonded magnets, vemiehproducedfrom melt spun

NdFeB foils. The bonded NdFeB magnets have niche applications where complex shapes
are required. The cheapest available magnet is the mostlyFasei® magnets. Ferrite
magnetshad an energy product of 35 MGOe and used in most low energy motors,

generators and power applications.
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w NdFeB
109" Hard Ferrite F | 52.5%
" NdFeB bonded
> Alnico
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Figure 1.12 Energy products. price of the available permanent magnets and the market
share of the magnef$]

Figure 1.13 shows the performance of a magnet normalized by price, which shows that
what is the performance of a magnet per $/kg equivalent. 1.13(a) shows that NdFeB

sintered magnets produce the best performance penidts. Hard ferrite magnetshowa
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great performance per pricdowever performance is ithelow end. As discussed in the

prior paragraph, a magnet in between hard ferrite and the sintered NdFeB is, naisding
nextgenerationmagnets should fil the gap. Figure 1.13(b) shows the size of the magnet
relative to its performance/price. On the right side of the chart, with most
performance/price, we would nesit times bigger hard ferrites than the sintered NdFeB

for the same peofmance. The analytical solution for size is done using the fundamental
equations of Maxwel |, Henryds and relevant

magnelN, for inducing magnetic flux, Bin anairgapvolume

n 6
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Figure 1.13 Performance chart of the permanent magnets normalized with price, (b) The
size of magnets for specific performance normalized in a price chart

1.3.1 Problem with the rare-earth based permanent magnets
The rareearthbasedpermanent magnets are in the forefront of the technological

advancements. For example, the cheaper EV from Tesla, Model 3, started using permanent

15



magnet based motors instead of aninduction motor because of potential to reduce machine
size by one third rad an increase in the efficiency by 5%. The next generation wind

generators are fabricated using permanent magnets for superior performances and weight
savings. Moreover, the applications of permanent magnets are ubiquitous, from space to

deepsea gas dtil

The crisis of the rarearth magnets multifaceted. Firstly, the supply chain of the rare
earthsis limited to only two countries of the world China and Australia, where China
controls 79% of the total supply chain of the raserths.This poses a national security
challenge to other countries such as USA, UK, Germany, Japan and more because the rare

earth magnets are used extensively in defense, heavy industry and space applications.

Mineral Monopoly

China dominates global production of rare
earth oxides

M Australia 15% | China 79%
¥ Russia 2%

Brazil 1%
M Others 3

Figure 1.14: The supply bain of the rareearths are controlled by China most and in
some part, Australi§l4]
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The second challenge of the ragarths is that the price of metals such as Nd and Dy is not
stable. In mieR011 to late 2012, the price thfetwo most important rarearths Nd and

Dy skyrocketed. The price of Nd and Dy raw materalshownin figure 1.15(a).
Moreover, the price of high energy product NdFeB is high priced than othearoearth
magnets such as AINiCo and hard ferrites. Figudb(b) shows the pricing of the NdFeB

magnets relativéo other magnets such as SmCo and AINiCo.
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Figure 1.15 The price of rareearths Nd and Dy, b) Price dhigh-energy product NdFeB

and other magnets

Thirdly, the rareearth extraction process is hazardous for human health and the
environment. The extraction process of the 1@aeths involves using toxic and hazardous
acids and solutions. These solutions hadetrimentaleffect onthe environment marine

ife and human health. Moreover, the radioactive materials and otheeagtesare not
separatedntil a certain stage of the extraction process, which poses health issues to the

employees and people living the vicinity of the extraction site.
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1.3.2. Next generation raree arth fre e-permanent magnets

The issues othe supply chain, use of hazardous chemical solutionsthia extraction
process and the threat coming from radioactive separation process while extracting added
up to the reason to findh magnet without any raiearth element. There has been a
considerable effort worldwide in developingraaeearthfree magnet using different Fe,

Mn and Co alloys. Table 1 summarizes the theoretical and experimentally reported result

for rareearthfreemagnets.

Table 1.1: The magnetic properties ofare -e arth-free magnets

18



Magnetocry | Saturation Maximum Maximum Maximum Ref.
staline Magnetizati| Anisotropy | Theoretical Reported
Anisotropy, on field, Energy Energy
Ky Ms Hk=2K/Mq product product
(Mergcm?) | (emu/cm) (kOe) (BH)max (BH)max
(MGOe) (MGOe)
MnBi 9 579 31 18 7.8 [15,16
]
MnAl 17 600 56 14 [15]
L1y 7 1098 12 42 Not reported | [17,18
FeNi ]

U nj 18 2070 17 130 20 [15,19
FeieN2 i 21]
Mn,Ga 23.5 478 98 9 Not reported | [15]

CoC 7.8 578 32 13 2.5 [22]

*Theoretical (BH),axWas calculated was using the formula (BkE¥ B4/4 [B=Bs, Bs=

47 M

The

alloys or compounds available. Figure 1.16 shows the maximum theoretical limit of

(BH)max Of the rareearthf r e e

alloys

p ot e-Ree,dol beconiing & mjrearthfree magnet is higher than any other

a-hegsN, bhas mpfaruhave ghe

maximum theoretical energyoduct than other alloys of compounds. The re&sosuch

high-energy product is the combination of ultrhigh saturation magnetization of 2070
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emu/cm and magnetocrystaline anisotropy ofi@rg/crme. The saturation magnetization
of -F&l,is more tharthreetimes than Mralloys and compounds and almdktee

times than FeNi alloy.

140 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1 N 1

g - 3
& 120 4 <k
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Figure 1.16. The maximum theoretical energy product, (Bk)f rare-earthfreealloys

and compounds

Figure 1.17 shows a more clear comparison between the different alloys and compounds
as a potential candidafer a rareearthfree magnet. MnBi, MnAlandFeNi magnets have
moderate performance potentidowever MnBi and FeNi would cost moderately highe

t h a fFehn;
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Mn,Gaand C@C is a very expensive relative to other allogpecially relative to FegNo.
FeisN, has a moderate performance andefativdy cheaper than any other alloys and
compoundson the list. More importantly, due tthe high saturation magnetization and
high-energy product, (BHhax FesN2 magnets would be smaller when compared to other
alloys and compounds for producing equivalent magnetic field. This advantagef Fe

will be super useful for the applications in aerospagomotive, space, defense and

renewable energy applications.

Price - MnBi
5

Size . Size Size

BHmax Ms

Size Size . HK Size .

BHmax Ms BHmax Ms

Figure 1.17: The comparison between different ragarthfree magnets based on price,
size for producing similar magnetic field, (Bk)), Ms andanisotropy field, K

*The values are normalized on a scale from1to 5

**Price of the magnet is only the raw materials cost
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Chapter 2. Rare-earth-free permanent
magnet s -FesNem Unj

I n chapter 1, we hayveFegN}forbeing sseulce df arare pot ent
earthf r ee magnet . Si nEegN, pghase inthd 1950saadvdiscovery af f U nj
superior ma g n e Fée,in 4972 purdredsi okpsiblication sltfajced the

scientific journal. In this chapter, | will disceis t HFegNAphase thermodynamics,

crystalinity, structure andtateof-the-arto f  t-lRegN, fldsgarch.

2.1. The FeN phase diagram

The FeN phase diagram shown in figure 2.1. With the increase ircdneentrationof

nitrogen and the temperature, the compounds of iron nanidevolved When the nitrogen

atomsare diffused n t he iron | attice, t FFesN i FeaNyj ni t r i
29-FeN (N=010.3 at%) and F&l.

The atomic C 0 miF@qhliistli.b at% Noaind bildnee Fél Ajhe maximum
solubil ity -Foef irmsi tOr.o4g2e nati%h NJ at 592 C. Belo
deceasesn-F& and is only 0.03 at% at 214 C. L
started to form when the N satur@ s -Fien all 592 C. Between 592
phasexoexisd >-Fe N afefl. 0 Njbov e 6 ®Hases decompoded n tad\] o
phase, where N atormsre randomly distributedn the octahedral voids. The crystaline

str uc tphasas faodicenat er cubi c-phasc.ame as of 09 Nj
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Figure 21: FeN phase di agr am -Féhe\piosn ss traalt lees btehlaotw 2n

Above the2NgCphase is stablf3]

The for mat iFesM sotfr utchheur @Nj tFeg, ip comtwledby or o f
guenchinBeMfs t hieb kas daeecenteredtubic structure (FCC), which

tendsto becomeacecentereatubic structure (BCC) upon rapid quenching. However, N
atoms donodt get enough time to move, whi c
(BCT) crystal structure. The mechanism of transformation of the FCC to BCT is discussed
more in section 1.3.1. THe o r ma t i-BerN,forf o AteMUidNponeby ordering the

randomly distributed N atoms ite only type of octahedral voids.

Figure 2.2 shows the change of saturation magnetization and crystal structure with nitrogen

composition. &Ny, frbno carFntas axcompaniedy oitriding above
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Figure 2.2: The change of the crystal structure from bcc Fe with more nitrogen in the

lattice and the saturation magnetization ofsReand FgN

2.2. Crystal structure of Fe-N compounds

The crystal sFeN, anda-RggN & shovnf n Ffei, g wbr eFe lkas 8 . The
body <center <cubic (BCC) <crystal structure.
crystal structure, where nitrogen atoar® randomly distributedn one of the octahedral
positions in the iron | aFeNid shevnin figutee/. Ther y st a l
nitrogen atoms are randomly distributed in Fe lattice and occupy bd@hedral voids.

The Octahedral voids also showrn figure 2.3.Six Fe atoms connect between each other
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to create an -FehN bhaa daeetcented cubike orysthl structubgh a lattice
parameter of 3.79 A. The N atorsis in the (1/2,1/2,1/2) lattice position in the Fe lattice
structure. N atoms alwayst in anorderly manner in the octahedral void as specified in

figure 2.3.

1out of 10
@ octahedral
voids randomly
filled by N atom

® Unoccupied

"' ’ interstitial
e ) sites

Figure 23 The cr yst-&Eb ;FeM.fou ertouNFeyNanf thelbctahedral

void in the FCC FeN lattice

U #ifersN, has a body center tetragonal crystal structure with atoms occupying positions of
space group 14/mmni23,24] The wit cell is composed of two nitrogen atoms and sixteen

ron atoms which dimensions of a=5.72 A, c= 6.2%Adc/a=1.1. There three types of Fe
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atoms according tthe distancefrom N atom named as 4e,,8nd4d (Wyckoff notation).

4e and 8h is the first and second nearest neighbor and 4d has no neighbor N atom. Nitrogen
atoms sit in the intestinal octahedral voids formed by six Fe atoms. Four Fe 8h atoms and
two Fede atomscreatet he o0 c t a h-EegNraisd hasa lnodydentdedjtetragonal

crystal structure, where nitrogen atoman®e randomly distributed Figure 2.4 shows the

crystal s-FegNpand actaleedral Yoid Witin it.

Figure 2.4: Crystal structure df) fife;gN».The blue, green, red and violet atoms are 4e,
8h, and4d Fe. Smaller violet atom is N atoms. The center nitrogen in the octahedral void
created by four Fe 8h atoms (blue) and two Fe 4e atoms (green). The shaded regions are

the octahedral voids formed by Fe atoms.
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2.3. Phase transformations of FeN

The fabrcation of FeN involves multiplesolid-state phase transformations. Figure 2.5

shows the soligtate phase transformations in the martensitic phase transformations.
Firstly, the body center cubic Fe is nitrijethdt h eFe,N iNpbtained The nitrogen atoms

can diffuse in the iron lattice and obtai
transformed tdheophase to facilitate the magthernsi t i ¢
transformedt o -Fe&gNNphase, which is a body dentetragonal crystal structure. Finally,

the U-RgN phaseés transformed o -Fé&JsNj phase.

a-Fe Nitriding| y'-Fe4N I V_FeN

Martensitic
Phase
transformation

o”-Fe, N, 4mmm o'-Fe N

Figure 25: Thesoidst at e phase transformations in th

FesN>

2.3.1. Gas nFariding of the U

Nitriding o f  t-Fe & a Uiffusional solidtate phase transformation process. N atoms
diffuse though the iron lattice to form iron nitride compounds and solid solutions. Gas
nitriding is a process of nitriding where a mixture of Ammonia, sNiHdHydrogen, His

usedfor producing active nitrogen to be diffused into the iron lattice. Ammonia is
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decomposed to Nand H as following, where Blatoms decomposed into N molecule and

diffuse into the metal surface:

NH; «<—> 12N, +3/2H, (Equation 2.1a)

2N, «—>» [N] (Equation 2.1b)

[N] represents the disked nitrogen in the iron lattice.

The combinations two equations 2.1a &ntb,would resultin the following reaction:

2NH; «— 2[N]+ 3 H, (Equation 2.2)

Equation 2.1b implies that
pc[ 1 & (Equation2.3)

t p andf{ p are the chemical potential of nitrogentire gas environment and ttsolid

media, respectivelyConsidering the gas as ideal or having he constant fugacity, we would

find the following:

pc[ . pcz 4 —" ti pC24] A (Equation2.4)

t pand t j is the chemical potential in the reference state (298K),d&mis the
nitrogen partial pressure of nitrogen gas in equation 2.1a andb2.1b, the nitrogen
pressure in the reference state, Angl is the activity of nitrogen in the solid medi@he

reference state chemical potential of nitrogen is same:

pCt i1 r (Equation2.5)
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Thus, the activity of the nitrogen atom in solid media loamwrittenas:

A — (Equation 2.6)

If kis the equilbrium constant of equation 2.1a and 2.1b:

. Tg 7
Es

3 (Equation2.7)

is ”

8

(Equation 2.8)

Thus, activity constant care writtenas:

Ay Eg8Db& Eg8ba& (Equation2.9)

O is the nitriding potential for the gas nitriding reaction:

O — (Equation2.10)

Lehrer first reported the effect of the NH, ratio or the nitriding potential on the
fabrication of different iron nitride compounds. Figure 2.6 shows that the interface of
crystaline phases with different Nb ol % at different temperatu
with the increase of ampurelybe tpericatecup tmpf76°€ withi o n .
15 vol% NHs. The increase in N¥/ol% is compensateby reducing temperature to obtain

a pur e -phasepeévalvedaih thé€increase in temperature and Nil%.
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Figure 2.6. Lehrer diagrani stable iron nitride compounds with different jl¥bl% at

different temperatureg25]

2.3.2. Martensitic phase transformation

Martensitic phase transformation occurs whilce-centeredcubic structure tends to
transforminto the body-centeredcubic structure. Due ta rapid quenching process, the
transformationis accompaniedby shear deformation along habit plane and dilatiwng

normal to habit plane. Invariant (undistorted, unrotated) habit plane is the common plane
between austenite and martensite. Figure 2.7 shows that the shear straining occurs along

the XY plane and dilationoccurs alonghe z plane.This phenomenon ifirst described by

30



Bainin 1924, whichistermeda s Bain path or fthe phenomeno

crystal [26.gr aphyo

Figure 2.7. Schematic diagram of FCC to BCT transformation proposed by[B&jn
BCT structuras formedfrom FCC by shearing along diagonal and dilation akeg

longitudinal direction.

For mat i &N isccontrolddr by the undercooling of austenite below martensite
forming temperature, M Be |l ow t hi sFeN valrhgga to forimuandeewhold g
o-Fe N b e c-BesfNaatsmartdnsite end temperature, Mhe driving for the formation

of theU-&&N n u ¢ | e u sFeN carioerexpressedith the following equation:

y ¥( —— (Equation2.11)

a>Vand aH>Vare changes in Gibbs free energy anthalpy of phase transformation,
respectively; Fand M arethetemperaturs of the cooling medium andJ-&esN formation

start temperaturéllhe degree of undercooling is the driving force of forming BCT crystal
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structure. Due to rapid cooling fromFeNp ha s e, nitrogen cano6t di:
position to form a stable crystal structure. Thus nitrogen atoms are locked in previous

positions anddiffusionless transformation takes place to fduagtesN.

The U-&eN formation is accompaniedy the change ithe size and shape athe crystal
structur e. The shape of <crystal structure

c). This change in crystal lattice size and sha@ecompaniethy astrainin some planes.

The change in totalrée energy is the summation of strain energy, interface energy and

volume free energy:
Yy lr 6Y 6Y (Equation2.12)

A and o9 are the interfacegnar esXheaGblds freener gy
energy change due to strain and volume chaagdV is the change in volume of the

material.

By comparing equation (12) and (13), the following relationship beagstablished

Y( —— Ir 8y  ¥6Y' (Equation2.13)

The interfz ¢ bet ween o and UNj phase is very sma
energy for martensitic transformation is only 12% of total enej@g]. So the
transformation tdJ-R@N is controlled by strairenergy, whichis directly proportional to

the difference between cooling medium temperature and martensite formation temperature.
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2.3.3. Orderdisorder phase transformation

U-R@N has a body center tetragonal structure cubic crystal with 8:1 stoichiometry. Figure

2.8 shows three types of octahedral voids in théNHattice along x,yandz-axis, as also

shown by Sinclairet.al. for Fe-C solid solutiof28]. Solute atoms tend to order into a

specific type of octahedral void to reduce the elastic distortion of the lattice, called Zerner
ordering [29]. In U-R@N, nitrogen atomsare randomly distributedn all three types of

octahedral voids; thus form a disordered structure. Fughgealngor t emper i ng o

F&EN moves at oms in ordefkFegNd oct ahedr al

Figure 2.8: Three types of octahedral voids in-Resolution

()]

()]

Zener ordering process predicted that C atoms ¥C Fsolutions could be orderedoy
application of temperature and different compositj@8]. For the transformation frotd-Nj
FesN  t dregNon;

This phase transformatiols driven by the activation energy of nitrogen atom whish

controlled by time and temperature of annealing.

2.4. Magnetic-FadNoperties of Unj
After the firstt i me pr e p &egh thy KHnlackid 951]28], 21 years later Kim

and Takahashi publshed abdboeextensvema gnet i ¢ p-FepN»B0]. Sgverad f U n;j
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attempts have been t-RekNethn fimfby thermaltetaporation,o pr e
sputtering [31] [32] [33], molecular beam epitaxy34] and ion implantation[35][36].

Highest saturation flux density, 8283 . 0 T ( at r oo m-Fegde,mpser at ur
reported by YSugitaet.alwh o pr epar ed f i r s tFefieRe (081) ngl e

substratd34].

The satur ati on -FégNuwas admnirgversiay topio fbecalﬂsqS of less
repeatabiity and the lack of matching with predicted values. Figure 2.9 shows the
saturation f FReN; byl dffersnt tegcherogi@s sintktije 1970s The

sputtered thin fims irthe 1990s showed very high saturation flux density of-3.8 T,

which caused a lot of controversy because of such high saturation flux densityingian

Wang group[19,37]r e por t ed t he eReiN; thix fina With y2.7Fammwn  Unj
also used a cluster modelexplain the uttrehn i gh s at ur at i eFegNf Thax den:
powder f-BeagWawas feporiediith 2.62.9 T in mid-1990s andsince then no
newresearchreport has been published with such high saturation flux density in powder

form. Jianget al. first reported a bulkk magnet of mm size with a reasonably high saturation

flux density of 2.56 T38].
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Figure 290 The satur at i gadNreparted byddifereti résgarclo f

groups[19,21,24,30,34,35,38 9]

*Conversion of saturatiomagnetization to flux densityas dondy considering &"

FeisN, density as of 7.45 g/ém

Figure 2. 10 s hows-Fggk.@agoebreported smcet2913 loy diffetemt e
groups around the world. Most of the groups took nanoparticle approach to fabrighite Fe
phase because of the possibiity of forming metastablegNEg@hase directly vialow-
temperaturen i t r i di n gC.Thes lo@w c2 & 0-FeyN,Was abtainedisnpf 800
2400 [40,44,45] JianPing Wang group athe University of Minnesota took a holistic

approach t-&egN,nthree dffarene appoajcia) powder, b) thick fim and
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c) bul kFegNJptmaerwasjprepareavith a coercivity of ~900 Oe by using ball
miling approact{48]. Jiangetal.demonstratec 20 MGOe magnet in a 500 nm fim form
prepared by ion impigation approach with a coercivity of ~2000 {2&]. Finally, tre
casting approach to produce a bulk magnet directly wittloeihecessityof any further

scaleup producedin U #ife;¢N, magnet with 1200 Of88].

4000 ® Nanoparticle o
| A Powder
3600 - v lon impalntation/Film L
| Bulk L
3200 -
- | @
o)
O 2800 - -
2
'S 2400 o -
- [ ()
8 2000 - L
®) | L
1600 -
1200 -
A
8004 e ° B
| ' | ' | ' | ' | ' |
2013 2014 2015 2016 2017 2018

Year of report

Figure 2.10: The coercivity of theJ +ife;gN, in different forms reported by different

research group21,38,40,44,45,48,50]
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2.9.The purity o f -FBL1sl2 phasesin fabricated samples

Several other groups fFedN.dim brediferenthsebstrptb@ps e pu
to 36% [31], 78% [32], 55%[33] with amixture of UNj and U phase. | on
different substrat e sFeNs[3d3blc e d hma pitb@gNihy 3 D% |
went up in recent years by improved nitridipgocess at low temperatures below 200°C.
Ogiet.alr epor t ed synt hd&egeNsnanaparticl€saq], 3howm tin %gurd nj

2.11.

= o-Fe, 0, Aog-Fe @ o"-FeN,

6

After nitridation

After reduction

A
NG

o-Fe,0,/AL,0, sample

50 nm

20 30 40 650 60 70 80
20/6 (deg)

Figure 2.11: The Xray diffraction pattern of the nanoparticles preparetbly
temperaturen i t r i ding (left); the s cRegapaticles el ectr

(right) [40]
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The synthesis aomicronsized U fife¢N» powder was reported to have a maximum phase
purity of 56 vol% [41]. The synt h-EegN,# wie freponad bk Jiargnal.

with a phase purity of 37 vol%38].

U #ifeieN, is a thermodynamically metastalpaseThust he synt he sfed, of a |
is challenging. Controlling the wm@EEgNbensit.i
samples seems more challenging, because of two conflicting reastms metastable

BCT phase is hard to form with increadN composition. The martensite formation
temperature decreases with increasing N composition, which necessities more
undercooling or more energy required for the transformation, and (b) secondly, the higher
degree of undercooling from higher temperatiresao0 s eems wunusable bec
the N atoms tens to formyMholecules inside the lattice and completely decompose the Fe

N phases. THeiNpigddah grderedBQT @hadé njvhich requirean ordering of

N atoms in octahedral voids. The

-

210Ther mal st-&deNd ity of Unj
The ther mal sFe s réporteg byDbretalh Bowmj in fd gur e
FegN, start to decompose approximately at 200°C and complete decomposed at ~270°C.

UfecN,d e comp o s€E e a4l shddp in figure 1551].
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Figure 2.12 The thermal stability of ReN, studied by neutron diffractiofbl]

2.6. The scopeofthe dissertation

U #ifersN, has shown potential to beare-earthfreepermanent magnet. The

devel opment of

a 20 MGOe

S

proof

-of

conce

FeigN2 magnet into a bulk sample. This dissertation focused on the development of the

b ul kFegN.npagnet.

In Chapter 4, a multifaceted approachof b r i c-BetsN, magnetls discussedThe

bul k

per f or ma ndagN,obbondarestudiediopncerningthe microstructure of the

magnet andthe correlationis qualtaively analyzedwith coercvity model of permanent

magnets.
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The microstructureoercivity relation in a permanent magnet is of paramount importance
in obtaining a high energy product magnet. In chapter 5, we will discuss a strategy to
develop a suitable microstructure to obtain a high coercivity magnet. Theesuitabl
microstructureis driven by the first principle of the coercivity mechanism in a
polycrystalline permanent magnet. The alloy design for obtaining that suitable

microstructureis demonstratethere.

The met as t-RekNbphaseiystabiity of thogen atoms at higher temperatures
and thepartial martensitic phastansformations are biggest challenges to obtain the pure
p h a s-lEe;gNJ. i) chapter 6, we wil discuss th@etics of the nitrogen diffusion in Fe

alloy and the optimization of the martsitic phase transformation.

Finaly, in chapter 7, we wil repodf fabricating a new soft magnetic material. The new
soft magnetic materiakas accidentally discovereshile working on the hard magnets
based on FeN. We will discuss the unique propeiethe material and present a

schematic model for its superior soft magnetic properties.
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Chapter 3. Experimental methods

In this chapter, we will discuss the experimental methods employed for the fabrication

and characterization of the iron nitride compounds.

3.1. Materials Development methods

3.1.1. Melt spinning

The melt spinning process involves the melting the alloptihng@nd then spinning the

alloy ribbons. The typical ribbon thickness ranges frori30 e m wi t h-3&a | engt
cm. Figure 3.1 shows the schematic diagram of the melt spinning process. An induction
melting process is used to melt the alloy ingots td.nelbur caseFe alloys were melted
above ArlthdingotsQvere superheated a slightly above their melting point for a
certain time to homogenize tlmeaedpool inside the melt. There &pressuralifference
between the crucible head and the whadtamber on purpose. The pressure difference
would help to eject the liquid metal upon opening the gas pressure on the crucible head.
The ejected molten metadse quencheah thewatercooledCu wheel which rotates at a
speed of 510 m/s, depending on the condition required to make certain alloy or ribbon.
The cooling speed of the molten metal is approximatef/k/AOwith the Cu wheel. The

molten metal forms thimbbons asa consequence capid quenching.
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Pc= |:,crucible

Pc:hamber< I:)crucible .

Figure 3.1: The schematic of the melt spinning system

3.1.2. Gas nitriding

Gas nitriding system is a wadktablished process of developing nitrided phases in the Fe
alloys such as steel and more. Gas nitriding prosedsneby mixing ammonia, Nkl

andH; gas at elevated temperature. ¢fs is used to control thedéncentratin of the
Fe-alloy system, which controls the FeN phasesg;Nétomposes into atomic nitrogen at

elevated temperaturandthe nitrogen atomsvere adsorbeth the Fe surface.

2 NHe= N+ §(Equati

Ne—=1 NEquati
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The iron nitride phases cae controlledby nitriding temperature, and Ammonia, BH
compostition. Lehre]52] first proposed the theoretical thermodyrnzatly stable phases

with different compositions atdifferenttemperature, shown in figure 3.2.

Ammonia content (vol.-%56)
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BG'D I ] T ] I
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EEDD- )
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g 800 B
& |
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b a
a
- ! —
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400+
- (a
a0l 2 T
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Nitriding potential ry, {atm'”2

)

Figure 3.2: Lehrer diagram of F& phase$52,53]

The mechanism of nitriding the iras schematically showim figure 3.3, adapted from
[54]. The N atomsre adsorbedn t he Fe surface, whi-ch form
FesN phase on the surface. The N atdiffuses through the Fe/FeN compound layer to

form iron nitride phases throughout the sample.

3.1.3.Stress AssistedAnnealing process
Stress assisted annealing process is necessary for the ordering the nitrogen ¢oms in

lattice. The stress assisted FeN magma$ demonstratedith a 10 MGOe energy
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product[38]. Yanfeng Jiang designed the ssannealing device as shown in figure 3.4.

The deviceis madetool stee] andthe ribbonsare attachebtetween two blocks. The

yellow arrows show the direction of the stress applied on the ribbon.

Figure 3.3: Thestressannealing device designedhiouse for providing the tensile stress

to FeN ribbons

3.2. Materials Characterization Methods

3.2.1. xray Diffraction (XRD)

X-ray diffraction is a technique to identify the arrangement of the atoms, or the crystal
structure of the materials.-bay is electromagneticadiation with a wavelength range of
0.01 to 10 nm. For producingn x-ray, a flamentis heatedn a cathode tub at high

voltage, which causes the electron from the filament hit thayXsource material at high
speed. When the electron from the inner shell is knocked off, the higher shell electrons
jumps down to the inner shell to fill the vacancythe inner shdl and thus, the energy is
radiated aanx-ray to equilbrate the energy. A schematic of the characterigtiy x

radiationis shownin figure 3.4.
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Figure 3.4: Schematic representation of theay generation

Figure 3.5 shows the schematic of theay diffraction technique. Xay is producedoy

hitting a source with a high energy electron, which results in radiatiey.XThe xray

scatters from the atomic place of a material, which was then captured wigtgctor.

The angle between the at omawavegfbreleclonand t he
with awave lengthof & i s scattered from the crystal
in figure 3.5, the elastic scatteringafielectrona t a wily treate d constructive

diffraction pattern, then the Braggbs | aw

45



11 ¢ A @ HHquation 3.3)

Figure 3.5: The simple schematic of theray diffraction techniqug55]

In our experiments, we have used a Brukemii@odiffractometerwith Co radiation
saurce.

3.2.2. Vibrating sample magnetometer (VSM)

Vibrating sample magnetometer (VSM) is an instrument to measure the magnetic
properties of the materials. The working p
induction when the magnetic flux changes in a magnetic field, a voiagelucedin a

coil. The mathematical expression of the law barwrittenasfollows:

6 — (Equation 3.4)
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0 Iis the magnet i c faletisxthe induced Volkage mhee dombangea |
in magnetic flux in a magnetic field. Figure 3.6 shows the rpelie diagram of a

vibrating sample magnetometer. The magnetic field in a \Sédeatedby using an
electromagnet. The magnetic sampieillatesin the middle of the magnetic field, which
means there is a changenmagneticflux in a fixed magnetic fieldwhich induces a

voltage in the pickup coils. Pickup coils are placed on the walls of the electromagnet as
shown in figure 3.6. The induced voltage in the pickup coils is calibrated to translate the

resultregardingthe magneticmoment of the magnetic neatals.

Sample Holder

Pickup
Coils

N

Vibration
along N
z-Axis

Electromagnet

Uniform magnetic field

Figure 3.6: The schematic of a vibrating sample magnetometer
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For the measurement with a VSM, the ferromagnetic sarapieplacedn a
polymer/glass holder in between the electromagnets Methbdsmagnetic properties of

the sampleveremeasured using a Princeton Measurements Vibrating Sample

Magnetometer (VSM) 3900 series, which has a sensitivity 08 Am2( 5 e e mu) .

field resolution of the VSM is 0.5 Oe or, 40 A/m (0.005% of full rangle fup to 10
KOe) Before each measuremetfie instrument was calibrated using a standard Ni

sample withthe known magnetic moment (44.shemy, provided by NIST.

3.2.3. Scanning Electron Microscope
Scanning electron microscopy (SEM) is an imaging teckniguobserve the

microstructure of the metals and alloys. H@gtergy electrons are produced from a

source and accelerated using a high voltage and guiding condenser lens and objective

lens. Finally, the higlenergy electrons hit the sample and interath wie sample to
remove an electron from the sample. The interaction between electron andamatter
shownin figure 3.7. When high energy electrkmocks off an electron from the sample,

that is called the secondary electron (SE). The maximum depth of SE
can come from is of 5800 nm.

Incident Electron

Incident electron

Secondary
Electron

teraction volume

Diffused Electron
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Figure 3.7: Secondary electron ejection schematic and electron matter interaction volume
[56]

Figure 3.8 shows different types of interaction between the electron and the material.
Two types of scattering can happen due to the interacéi@stic and inelastic. The
phenomenon of knocking off an electron or the secondary electrdoec@nmeds the
inelastic scattering. Elastic scattering of the electron can introduag padiation and
backscattered electrons. Whanelectronis scattereétrom the volume of the material, it
hasreducecdenergy, which cadetectusing a detector. This eleolris termedas

backscattered electrons.

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

o Backscattered Electrons (SE)
Characteristic X-ray (EDX) atomic number and phase differences
thickness atomic compaosition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states information

SAMPLE

Inelastic Scattering

composition and bond states (EELS) Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 3.8: The schematic of the electron matter interacfior]
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Backscattering of an electron depends on the backscattering coefficient of a specific

material, which is linearly related to the atomic number of the material as follows

S TBICLITP Q:pAQ p T : & p mt: (Equation 3.5)
d is the backs andZidtleratomiggnumber.e f f i ci ent

Figure 3.9 shows the schematic of the backscattered electron generation and the atomic
number effect on the backscattered electrons. On the top left image, the path of the
backscattered imageas shown Thebackscattexdelectron canreachd e m deep fr o
the surface of the sample. On the top right image, the efféfie atomic number on

increasing the backscattering coefficienshown which follows the trendsuggested in

equation 3.5. In the bottom row of the figure 3.10, the distinction betweese tiomdary

image and backscattered imagas shownThe backscattered image shows a clear

contrast between the different chemical element, where higher Z atetmgyhter

relative to a low Z atom.
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Figure 3.9: Schematic diagram of backscattered electron generation and their
dependence on the atomic number of the matd6&l58]

Figure 3.11 shows the schematic diagram of a scanning electron micr¢S8ppehe
electrons are accelerated using high voltage through two electromagneticoledesiser

lens andhe objective lens. The high energy electrons hit the sample surface and produce
secondary and backscattered electrons, which are captured using secondary and

backscattered electron detectors.
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Figure 3.10. Schematic of a scanning electron microscope (SE9I)

Scanning electron microscopyas doneusing Hitachi SU8230 SEM. The operating

voltage was 145 kV.

3.2.4. Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy is a technique for estimating the composition of the
materials. When higlenergy electrons elasticalcattersrom the materials, the
characteristic Xayis producedas discussed in the section 3.1.1 and figure 3.5. Each
element produce Xay of different energy, which detected using an EDS detector. An

example of the EDS spectrum is shown in figure 3.12.
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Figure 3.11: The characteristic Xay generation from high energy electron impact on
materials and an example af EDS spectrun{60]

3.2.5. Auger electron spectroscopy (AES)

Auger electron spectroscopy is a technique to-sgmnntitatively estimate the
compositions of the materials. The schematic diagratheafenerationof anAuger
electronis schematically showim figure 3.13. When higkenergy electrons hit the
material, an electron from the inner shell is knocked off. An electron from high energy
level jumps down to fill the vacancy. Because of that, theae &nergy releasevhich

knocks off another electrofrom the outermost shell. That electron is calledAhmger

electron.
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Electron collision

EAuger
2p

Auger electron emission

Figure 3.12 Schematic of the Auger electron emissjéi]

When theAugerelectronis emittedfrom the outermost shell, the kinetic energy of the
electron ofa different chemical element differs, which can be detected using a detector
and can give information about the chemical compositions. The kinetic engygy,tike

auger electron caoe writtenas:
% % % % (Equation 3.6)

EcoreiS the energy of theote, Esand E are the energies of the first and second outer

shell.
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The electrons are accelerated towards the sample using a high ,\\ettdtjgen the

Augerelectrons are detected using a detector. The intensity éfuferelectronsis then

quantified to obtain the chemical composition of a matetialour experimentswe have

used Physical Electronics 670 Auger electron spectroscopy (AES). The anaigsione

atfive kV/5 nA. AES measurementas doneafter removingonee m of t he sur f ac

material va sputtering using Ar gas.
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Chapter 4. Materials Development:
Development of FesN2 ribbons, cast, and

powders

The chapter is adapted partially from Md Mehetial., MRS Advance, 2016

In this chapter, | will discuss the materials development methadsstrategies | used and

i mprovised fFedN, Ihdve discussedtige futdlamental properties ghze

and physics of the material. As -FeeNaisi oned
quite challenging bekegNupleaod, melimasdebompoy
FesNoabove 200 C, the mobility of NFeld/t oms |
>-RgN phase to Fe and N atoms |l eaving-the F
FegN, fabrication a challenging job. We have diped a materials development process

f or obt-BeigNyiibbog. U nj

4.1 Introduction

U #ifeisN thin films, powders, nanoparticles and foils by-implantation were prepared
by research groug49,24,30 33,35,3749,51,6266]. The details of the stat&f-the-art of
U #ifeisN2werediscussedn chapter 2, in section 257. After the discovery of ultrhigh
saturation magnetization b ifeigN,in 1972, a huge effort of fabricatingthin fim of

the material was mack in the early 1990s unti 2000. The ultrhigh saturation
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magnetization o) ffegN, was useful for application in hard disc mediaus numerous
research groups worked on developing high saturation magnetizatigie;sN, thin film

using the sputteringand ion implantation technique. There was a controversy whether
FeisN2 has high saturation magnetization because of the less repeasatite and inability

to first principle physics model to match the high saturation magnetization obtained in
experimental results. Thus, the topic lost traction in latden1990sand was ragnited

again in late 2000s when Jiding Wang group started to look for understanding the
fundamental physics of high saturation magnetization Wfffe;gN,. Nian Jiet. al.
explained the high saturation magnetizationdfe;gN, using the FeN cluster model and

also fabricatedin U fijegN- film with 2.68 T[19,43] Theeconomic and poltical issues

with rareearth elements ignited the necessity to fabricate a permanent magnet without
using rareearth elements such as Nd, Dy, &hdSm. As discussed in chaptet®sife;eN,

is a great candidate for raearthfree magnest because of high saturation magnetization
and high magnetocrystalline anisotropy. Since 2010, several research groups from Japan
and Germany reported fabricatitgffegN, nanoparticles with coercivity up to8kOe
[39,40] The nanoparticles wouldeed to be compressedthe presence o& binder into a

bulk pellet to fabricate a magnet, which could reduce the saturation flux density because
of less phase purity and thus, consequently could reducenggyproduct, (BH),ax Of

U fifeisN.  magnets. High-temperature sintering U #ifeigN, magnet would be very
challenging becaus®) fife;gN, d e c omp os e s [61. €Thus, thérd is an@r
approach of fabricating bullkJ fife;gN, magnets directly. However, making a bulkj
FeigN2, magnet is challenging because of the limitation of the nitrogen diffusion in the bulk

samples over fewlOOmicron thickneses. Now, this problem can be mitgatetly
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fabricating thin ribbons and then stacked them together to form a few cm size magnet. The
stackup can be obtained usirgbinder, howeverthe concentration of binder would be

less than thenanoparticlebased approach because ribbons are already dems@
dimensions andust need tobond in 1 dimensiorthrough the thickness. However, no
research was ever reported to prepardjesN, ribbon. Inthe early 1990s there was
research ot +ife;¢N,powder particled24,46], which also would require using extensive

use of binders to obtain bulk magnets. Yanfeng Jetra. fabricated first ever bulkd fj
FeisN2, magnet with 1.2 kOe coercivity and 10 MGOe enepggduct by usingan
unconventionalnitriding technique[38]. The industrial application of such liquid phase
nitriding of iron alloy with urea precursor is quite challenging because of complicated
thermal process and nitrogen instability tive iron lattice ata higher temperature. Thus,
making a thin ribbon below 16ficron thickness would be a great approach to build an
iron nitride phase in the ribbon and then stacking the ribbons to fabricate bulk iron nitride
magnet. Figure 4.1 shows the tesl to fabricatd) +ife;N, magnets.Nanoparticlesand
powders can be bonded using organic binders to form bulk magnets of cm size or bigger.
The ribbons would neef@werbinders than nano and mieparticles to be bonded to be a

bulk magnet.
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a”’-Fe,; N, magnet

Nanoparticle, Powder, Bulk,
nm pHm cm or more

Compaction into >cm size sample

Figure 4.1: The route of fabricating keN, magnet intoa bulk magnet

4.2. Sintering of FeN powder

The iron nitride powders can be sintered to obtain a bulk piece and transform into an iron
nitride magnet. As discussedamapte? t h-feeiN, phage cabe obtainedvia a phase
transfor mafessNpn wihi-EatNen c@Nfj be t r aifeaN otr-GadldiNj f r om
through another phase transformation process. For sintering experiment, we \Med Fe
(x=3-4) powder from Goodfellow wh 99.99% purity. The powder wasnixture of FesN

and FeN phases based onray diffraction asshown in figure 2. The raw powder has 50

vol% of FgN and 50 vol% of FéN. The raw powdewas sintereca t 7 00 C tempe
for 60-240 seconds. The idea was sinter the FN powder into bulk ata higher

temperature. Figure 4. 2 s atdfferent timbse Wesfduride ct 0
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that the FgN and FgN phase decomposes with more sintering time and completely

decomposed after 240 seconds ofesing.

100000 = ' : . ' : :
] Z<r
1 2 © —— Raw powder
> Lo — 60 sec sintering
s = 120 sec sintering
10000 E &3" ﬂ iv —— 180 sec sintering
L 240 sec sintering
5 : ﬂ
pd
E. 1000 - g ¢ |
> - &
= ] LL
S j \ 4
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S 1004
10
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42 49 56 63 70

2q [degree]

Figure 4.2: X-ray diffraction of the sintered F& (x=3-4 )

seconds

powder a-240700

Figure 4.3 shows the effect of sintering temperature on the nitride phase decomposition.

TherawFgN powder started

wa s

sintered

iNo r

12

and FegN started to decompose with higher temperature sintering. In the right panel of
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figure 3 showsthatthe FeN phase decomposed af gNephase6 00

decompses after sintering at 700 C. The

atoms mobility and N atoms form moleculeadtigher temperature and left the Fe lattice.

Raw powder
—— 400 C sintered and quenched 100

500 C sintered and quenched
4000 - ——600 C sintered and quenched |
——— 700 C sintered and quenched
80

Fe;N+ FeyN
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Figure 4.3. X-ray diffraction of the sintered Fepbwder (left), and the vol% of the

phases based on theay diffraction pattern

4.3 FeN ribbon using urea as nitriding source
The second process of making a FeN ribbon was to use urea as nitriding source. @Grea (NH
CO-NH,) decomposes to N+ b o v e 1 &@ecomfidses td &ctive nitrogen atoms to

be diffused in the iron lattice.
2(NH,-CO-NH, ) == NH;+ HCNO  (Equation4.1)

2NH; =—— 2[N]+3H, (Equation 4.2)

Figure 4.5 shows the method of using urea with a Fe foil. The urea powdee caadn
two wayi) Fe foil wrapped inside the Urea around, or, i) urea wrappsdeirthe Fe foil.

The process of meltihng was done using induction melting process. Induction melting
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process works evolution of the eddy current from the metal piece which heats up the sample
and melts the pieces. In the following figure, we can see tleetedf two methods of
wrapping on the temperature profie of the samples. When Fe foil is in the middle of the
ureaaround, the heating profile shows in the bottom left of figure 4.4. The temperature in
the middle of the f oindjustdveo minutes, avheheasiwhehh 8reaK o r
is in the middle andFe foll is wrappedoutside, the maximum temperature of the 1114 K

or 84 1be fohdincFa foil. The main reasdor the low temperature in tHatercase

is because of the distribution of teddy current in the sample. The resistivity of the sample
increases when urea is put in the middle of the wrap because the power dehsigddy

current is maximum in the middle of the substrate. Since the resistivity efepart of

the sample iglose to infinity, it kils the overall eddy current distribution coming from the

Fe foi, and thus the heat profile is less intense thathé metalpieceis placedin the

middle.
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Urea

Figure 4.4: Thermal profiles of the urele foil wrapping styles, (left) the Fe foll is in the

middle of theureaaround, i) theureais in the middle of the Fe foil around

Figure 4.5 shows the-pay diffraction of the ribbon prepared by placing uceethe side

of the wrap and Fe foil in the middle of the wrap, as shown in figure 4.5 top left image.
The Fe lquid is nitrided at high temperature and then rapidly quenched to room
temperature at a speed off KJs. We found the existence of iron phases such zs,Fe

FesN andBCT FegN.
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Figure 4.5: X-ray diffraction ofthe FeNribbon prepared using Urea aprecursor

4.4 FeN ribbon using FeN powder precursor

We have prepared FeN ribbon using another approach where iron nitride poagaesed

as a pr e c-FagN,boif was prepared Using Iron Nitride powder (99.99% Fisher
Scientific) and pure Fe foil (99.99% Goodfellow). The Iron Nitride powder cadai%

wt F&N, and 40% wt FeN. The iron nitride powder had a composition of 25% at N with
balance Fe. The iron nitride powder was wrapped inside an iron foil to obtain the
stoichiometric composition from raw material. The wrapped powdes then medid with

the Fe foil with inductive heating and quenched rapidly by using a Cu wheel in a melt
spinning system. The spun out foigere then fixedn a fixture anda tensile force was
applied along the long axis direction to obtain texturing in the gramsvare annealedt

200°C in a tube furnace witthe N, flow. The chemical and phase composition of the
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sample was characterizely an Auger Electron SpectroscopePhysicalElectronics
Model 545 and arX-ray diffraction systenBruker D8 Discover 2D, respesdly. The
microstructure of the foilvas characterizey a Field Emission Gun Scanning Electron

Microscope (Hitachi SU8230).

4.4.1. Physical, chemical and magnetic properties of Fe N ribbons
The U #iferegN, ribbons collected after melt spinning process were homogenous in size and

shape distribution with a thickness of30 & m. T h e aré shdwnrrfigubebdd.n s

10 cm

Figure 4.6. The FeN ribbons prepared by using/¥gowders as precursor

The crystal structure and phase compositeare measured by using-vay diffraction.
Figure 4.7 (a) shows theray diffraction of the foil. The unique peak forfesN, from
(301) planewas found The (220) and (400) peaks Offffe;gN, shared the intensity with
Fe (110) and Fe (200), respectively. The phase composition was calculated basag on X
diffraction spectrumandwe found that the foil contains a 40 voP?b{EeleNz phase. The
chemical composition of the fifeigN, foil was then measured by using Auger electron

spectroscop (AES). The chemical composition measurement réesgihownin figure 4.7
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(b). We found 90 at% Fe, 8.7 at% N and <1 at% O. The composition is not stoichiometric

for U #ifeigN, phase; however, is enoudir obtaining the phase with considerable purity.
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Figure 4.7: (a) %ray diffraction ofmelt spun FeN foil withU +ife;N, phase. The Xay
diffraction shows the peaks frot fffesN, planes, (b) the composition of the-Refoil

measured by Auger Electrd@pectroscop

Figure 4.8 shows the magnetic properties) affe;gN, foil measured by a vibrating sample
magnetometer (VSM). A large saturation magnetization, é&88g, was found, which is
17% larger than that of the control iron foil sample. The coercivity of the savagéound
as 222 Oe, which is ten times lower than that of¥gparticles with single magnetic
domain structure. Further analysi§ the possible mgins of this low coercivity follows

after the microstructure analysis.
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Figure 4.8 Magnetic properties afeltspunFeN foil with U fifeisN, phase. The inset

image shows the total hysteresis loop up to 10 kOe magnetic field
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4.4.2. Microstructural characterization of FeN ribbons

Figure 4.9 shows the microstructure of theffe;gN,foll. The image represents the grain

misorientation contrast controlled by backscattered electron or BSE technique of SEM.

The

grains ar

e

we |
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Figure 4.9: Microstructure ofmelt spun FeN foil withJ fe;¢N, phase. SEM imagevas

takenwith backscattered electron (BSE)

The microstructure ob) fifegN, foil was found quite interesting. We found sgitains

inside the grains when we zoom inside one grain. Figure 4.10(a) shows the edliaxed
FeigN> microstructure, where figure 4.10(b) shows the zoomed image of the inside
structure of the equiaxed struauiThe subgrains are not equiax#éteyare of 60050 nm

in length with a 20+3 nm width. The evolution such anisotropic subgrains may be due to

theapplication of low tensile stress during annealing on the foil for orientation of the grains.
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Figure 4.10: (a) The microstructure of melt spun FeN foil withrife;gN» phase, and (b)

the subgrain structure

4.4.3. Discussion on the microstructurecoercivity relation
The mercivity o f  a n -Fe@d\e wduld héof, ( — p X/ ,Hbased on k= 18

Merg/cn®, Ms=2070 emu/ch[19].

The coercivity is mathematically related to microstructbesednthe following equation

[67]:

H= U{ &K% -NegMs Equation (3)

H., Ky andMsare coercivity, magnetocrystaline anisotropyndsaturation magnetization,
respectively U is ,andNyisrhe demagnetization factor.eThe f a c t
coercivity is lower than the ideal value for the following reasd@a¥the microstructure

factor, (b) the interaction of ferromagnetic grains, and (c) the hard phase purity.

Figure 4.11 also demonstrates the schemétibi® equation whichs basedn a random
anisotropy model. In this model, the randomly oriented particles or grains create an

effective anisotropy based on the different orientation of different grains.
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Figure 4.11: Schematic of a random anisotropy model. The different magnetic domains

align along different directions and create an effective anisotropy.

Based on the equ&@ thennwe ¢aBfind theicdercity:vhluezqudl toN

the ideal value. Howevett is not practical to design a magnet without any demagnetization

factor. The grain boundary control can reduce the interaction, whighncamn, reduce
theNgand increase t he iscooteledby guaintsize, shaperard gidin v a | u
boundary thickness. That means, if we would have less interaction betweengraiiiesy

grain size anda controlled grain boundary, it is possible to obtain higher coercivity than

what we have right now. Properly doping with fmoagnetic elements into an

boundaries could address those challenges.

4.5. Preparing FaeNzribbon using gas nitriding and subsequent processing

This approach is a more traditional approach for nitriding the Fe and Fe alloys with gas
nitriding process. A more detailed discussion on nitriding of Fe aoyonein Chapter

6. Gas nitriding process uses B the nitriding sourcgp3]. The Fe alloys were prepared

to obtain the desired microstructure to increase coercivity by doping the grain boundary
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with nonmagnetic composition. As shown in figure 4.12, melting and alloying was done
with anarcmelting system and meltealcouple of times to homogenize the composition.

The

Fe-X alloy system in arc melting system melted in >1500° C

p.

Melt spun Fe-X alloy ribbon with <100 um thick ribbon

pe

Reorganize _the atoms to .create microstructure suitable for
better functional properties

¥

Nitriding of the ribbons to obtain fcc y-FeN phase

¥

Quenching to form Rapid cooling or quenching from high temperature to obtain

APREIT Al the bet o-FeN phase
transformations

Stress assisted annealing for ordering the bct FeN to obtain
a"-Fe (N,

Figure 4.12 The schematic diagram of the process of fabricating FeN bulk ribbons

4.6. Summary
In this chapter, we have demonstrated seyeralo c e s ses t o-Fégd,br i cate b

ma g n e t .-FeNhribbonlusjng FeN (x=3-4) powderwas fabricateavith a phase

71



purity of 40 vol %. T he nHeg\pribon was anayzede o f
anda correlation between the microstructure and coercivity was found using the
Kronmuiller equation for coercivity mechanism of the polycrystalline magnets. We also

demonstrated the instabilitgf nitrogen atoms during sintering ahigher temperature.
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Chapter 5: Grain boundary engineering

for high cFeeNsncagneti ty U

The coercivity of a maFggNenagnets detendddy lopptht he pr
the intrinsic physical parameters like the magnestafine anisotropy, saturation
magnetization and exchange coupling and the extrinsic microstructure features like the
grain size and the shape and the width and type of grain boundaries. Inthis chapter, a grain
engineering mechanisrfor t h e-FelgNajmagnet for increasing the coercivity and the

energy producis demonstratedlhe grain structure and the grain boundags engineered

with the Cu and B doping in the Fe alloy system. The Cu doping helped in decoupling the
ferromagnetic FeN grainsand B dopgng helped in controling the grain size atidis

forming nanostructured magnets.

5.1. Introduction:

Permanent magnets are one of the building blocks of motors, geneeatdesctuators

[68,69] Currently the stongest permanent magnetse madeof rareearth (RE) metals

[70,9,4,71] The etraction proces of rareearthsis expensive, energy intensive and
hazardous for the environment and human hd@2y3] The vulnerability othe supply

chain of the rarearths also poses risksnt@anufacturesh o coul dnodt potenti
a major supplier of the rar@arths[74]. Since the discovery of Nee,B [7,11,8] the

mostly used commercial pemment magnet, extensive research has been performed to
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understand its intrinsic physical parameters like magnetocrystaline anisotrgpyndK
saturation magnetization @Jand the extrinsic microstructure features like the grain size
and the shape andettwidth and type of grain boundarigg5]. With the given kK and M,

the microstructure is one of the most important controling factors to obtaining high
coercivity thus high energy product permanent madi@ls The sintered NdFeB magnets
havean unique integranular normagnetic phased Nd and NdQ in the grain boundary
[77], which helps to obtain high coercivity magnets by separating the ferromagnetic grains
and acting as domain wall pinning sitds8]. The grain boundary sometiméms a thin

layer (25 nm) of amorphous tNand NdQwhich also helps NdFeB magnets to obtain high
coercivity [13]. However, since we are trying to replace the +@aghs in permanent
magnets, a renewed concentration have Ipesedon making rare-earthfreepermanent

magnets.

U #ifersN, has been a mystery maetic material for decadesndseveral key fundamental

aspects have been addressed receft§,20l With much other good research
[48,21,39,38,40,49] it becomes one othe promising candidates for rarearthfree
permanent magnets, because of its high saturation flux densi/92:6[65,43,78] and

high magnetocrystalline anisotropy between 1

MJ/me [65] and 1.8 MJ/[79]. The theoretical value dhe maximum energy product of

U #ifesN, is 130 MGOe[20]. Other materials such as ¢_EeNi[80], MnBi [81,82] and

MnAl [83] also have promsig magnetic pr op-EegNibdkswas Unal |
reportedwith 20 MGOe energy produat free-standing 500 nnfioil sample[21] and with

9 MGOe energy product in streaanealed 2mm x 9 mm wire samg88]. However,
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producing a bulk FgN, magnet with high energy product yist to deliver, which would

require extensive control of tlelid-state phase transformation and the microstructure.

The relationship between the coercivity of a magnet with its anisotropy field and saturation

magnetization couldbe writtenas following [67,84}
(18 18 (Equation 5.1)

Where H is the coercivity, Hi s t he anisotropy fields U is
the saturation magnetization, and b is the

of the polycrystalline samples.

Anisotropy field of a magnet cabe expresseds, ( — , Where K is the

magnetocrystaline anisotropyThe K, and My o f -Fé&lghj, areof 18 Merglcn® [79]and

2133 emu/ci[43]. Thus,t he ani s ot r-FegNy was found ab of 617 kQe nin

an ideal magnet, the coercivity magnet would be equal to the anisotropy field. However,
based on equation fhe coercivity of a polycrystaline sample would be less than ideal

value because of thedemagastimatiuoe factor

Figure 5.1 shows the effect of different
magnet . The increase in microstructher e fa
magnet Second, the coercivity decreases with demagmed t i o n factor,
demagnetization factor increases because of the interaction between ferromagnetic grains

in the polycrystaline magnets.
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Figure 5.1: The coercivity of a magnet N, wi t h

di fferent

U

and

For the polycrystaline ReN, magnet, with the interacting ferromagnetic grains, the

coercivity reduces linearhT o r educe t he

d e ma g theitterazt@rnt i o n

between ferromagnetic grajnthe grain boundary is the layeredwith a nonmagnetic

material. Figure 5.2 shows the model of the grain boundary shell required for decoupling

the grain boundary.
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Ferromagnetic
Non-maghnetic grain

grain boundary i

Figure 5.2: The model for ferromagnetic grain decouplinging a normagnetic shell

The second model of the grain engineering is relatéueigrain size of ferromagnet grains.

The multi-domain structure couldbe formedwith a relatively strong exchange coupling
between magnetic grains or simply magnetic grains with large size. The switching
mechanism wilbe guidedby the domain wall pinning approa¢®b,86] The propagation

of the domain walcanbe hindered n t he defect sites such as
1/D law of grain sizevs. coercivity states as following, where coercivity linearly increases

with reduced grain size up to when the grain size is smaller than the domain wall thicknes

[87]:

( b —— (Equation 5.2)

P.is thedimentionlessconstant based on crystallinityk is the saturation magnetization of

the material and D is the grain size of the magnet.



Based on the above discussianis clear that the microstructure is very important for
obtaining high coercivity for RgN, magnet.A comprehensive approach for emegring

and controling both the grain boundary and the grain size are needed. We have designed
an alloy system for comprehensive engineering of the grains and grain boundaries. We
have used Boron (B) and Copper (Cu) for designing a novel alloy for afgtaime suitable

microstructure for a high coercivity magnet.

Cu is helpful for grain boundary engineering in severalways. First, Cu has a low solubility
of 0.162 wt% inFe at5 0 0 [88].GCu atoms cluster to form precipitate along the grain
boundary and help in grain boundary engineering in two wadydemupling of
ferromagnetic FeN grains by nomagnetic Cu precipitates along the grain boundary and,

i) hindering the grain growth using Cu precipitates along the grain boundaries. Second,
Cu was also proved with much large strength and ductility whie nomater rang¢89]

This is crucial for FeN magnet that may need a stress annealing to enhance the performance
[38]. Third, Another importaindesign point is that the variation of the solubility of Cu in
Fe[90] provides the thermal engineering methodfiree-tune the format of Cu from layers

to large clusters to enable not only single domain magtietiz switching modd91,92]

but also reversal nucleation mof86,93] and domain pinning mod@4].

Boron is helpfulto control the grain size, grain boundaayndcrystallinity of the alloy[95].

For controling the crystal structure of magnedsron (B) is a welknown doping element

to, such as in NdFeB magnet, which uses up to 9 at% B in the pf6¢3637] where B
atoms are part of the crystaline structure. Boioralso usedn several other known
magnetic materials such as soft magnetic materials, Metglas and FINEMET, where B is

used as an element to create the desirable rimoctisre with fine grain sizg95,98 100Q].
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In the following sections, we will discuss the method of decoupling the FeN ferromagnetic
grains using a nemagnetic grain boundary and alsontrdling the grain size using

different dopants and heat treatment processes.

5.2. Experime ntal methods:

99.99% Fe foil of 0.125 mm thickness (Goodfellow), 99.5% Cu povsigmaAldrich),

and 99.9% F& powder Gigma Aldrich) was used to prepare the FeCuB ingots. The Fe
foil of 0.125 mmwas cutinto atencm 10 cm rectangular shape. The mass of the foil
wasmeasured using thmass balance system with 0.00001g resolution. The Cu aBd Fe
powerweremeasured to prepatiee stoichiometric composition and thewas wrapped

inside the Fe foil. The wrapped pellet was melted by using MTI Arc Melting fute@ee
SP-MSM207. The composition homogenization of the FeCuB ingot was obtained by re
melting the ingotfor four times. FeCuFeB, andFeCuB ingotwerethen placed inside a

BN crucible of theEdmund Buhler Melt spinner SC. The system was vacuumed up to 10
3 mbar, andthen N, was used as a working gas. The partial pressure of tigadNs 200
mbar. The N> gas pressure on the top of the crucible wasrébar, which created

partial pressure difference inside the crucible. The increased partial pressure inside the
crudble was requiredor pushing the molten metal from the crucible. Tegtercooled
rotating Cu wheel was used to quench the molten metal. The molten FeCuadoy
guenchedn the Cuwheel rotated at 25 m/s. The obtained ribbons are-Gf@0 € m i n
thickness and 1480 cm in length.The FeCuFeBand FeCuB ribbons were heat treated at
5007 00 C for 5 minutes and quenched to wat
treatment at 560 0 O C wa s theslesictdmicrostruztbre, auchsCu along

the gain boundaries, and f&B clusters along the grain boundary. Then, the ribbons
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were then annealed at 400 C for 4 hours t
FesN was fabricated by usintipe gasnitriding process. A mixture of NHandthe H, gas

mi xture was wused at 500 C for 36 hours fo
reducedusing flat 500 C for 30 minut ebsforethe r e mov e
nitriding process. Thaitrideds a mpl es ar e t hen quenched from
marensitic phase transformation for fabricatipgdy-centeredtetragonal FgN phase.

TheFgN phase was then stress anneal eF&gN a't 200

to 'F@6hi2-

A microdiffractometerwi t h Co KU radiati on (sBdtudbteir D8 D
the xray diffraction (XRD) spectrum. The diffraction pattern was then converted to Cu

KU standard diffraction pattern using a so
was doneusing Hitachi SU8230 SEM. The chemical composition of theplawas

measuredby Physical Electronics 670 Auger electron spectroscopy (AES). The analysis

was doneat 5kV/5 nA. AES measurements doneafter removing 1 ym of the surface

material via sputtering using Ar gas.
5.3. Results and discussion:

5.3.1.Decoupling ferromagnetic FasN2 grains with Cu doping:

Based on the phase diagram of theQtg101], the maximum solubility of Cu in Fe is of

2.0 wt% at 860 C, gradually decreases bel
500 C[102,88] In nanocrystaline soft magnetic materials, €wsedas grain growth

impeding islands. For example, Cu clustersre grownin the grain boundaries of F&i

grains[98,99] The insoluble Cu atoms tend to segregate along the grain boundaries of Fe
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graing andthe Cu atoms would tend to create clusters or precipitates. Moretbeer,

wetting of one atom with another depends on two main conditipnisw solubility, and

i) stable compound. The solubility of Cu
FeCu doesnd6t have a st afClphase dagrpm. dsudettiiga s ed o

of Fe atoms with Cu might be an isswgardingalloying with Cu[90].

The precipitates of Cu atoms along the grain boundaries of Fe grairghowrin figure

5.3. The composttions differedin the Fe from 3 to 6 wt% Cu. Figure 5.3&)owed the
microstructure ofthe 6 wt % Cu all oy after heat treatnm
followed by quenching in water. Withix wt% Cu, the size of the precipitates becani 1

em and di dnoéang ajp granc Hoyndatiea.t Large grecipitates of Cu is not
desirable, because they approach the same size of the magnetic grains and the separation
bet ween magnetic grains wonodét be effective
Fe3wt% Cualoy &t er heat tr etlrdewi® Cu dogedFe micr&structdreh e
approaches to the design poimeggardingdispersion of the Cu precipitates and the size of

the Cu precipitates along the grain boundaries.

7

\ \ 1 Cu precipitates
Big Cu clusters

/

SU8230 10.0KV 8.3mm x25.0k PDBSE(CP) 05/03/2016 13:48 2.00um
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Figure 5.3: TheFeCu al l oy microstructure after 500

6 wt% Cu, (b) FE3 wt% Cu

5.3.2.Controlling grain size with B doping:

Boron is a known dopant for controling the crystalization and the grain size of the Fe
alloys. Boron helpsat vitrify the structure and suppress the crystallization of the Fe alloy
system. Figure 5.4 shows theaay diffraction of the FeB ribbon with 2, 3 andour wt%

B. With two wt% B we found that the peaks in theay diffraction pattern hava wide

width. With threewt% B, we saw the increase of the volume fraction gBRghase. R

is a magnetic phase with a negative magnetic anisotropy constdr2 oMerg/cn?[103],

which would haveadetrimentaleffect on reducing the coercivity of the magnet. Moreover,
for obtaining ahigh p u r i t yred,fit isUmgortant to maintain the purity of the Fe
phase For controling Fe microstructure, B content sholdel consideredavithin two wt%.
Optimum B content could be adjusted once the thermal process to prepare the ingot and

ribbon is adjusted.
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Figure 5.4. X-ray diffraction of the FeB alloy with 2,3 andour wt% B. The Fe2B phase

volume fraction was increasing with the Boron concentration in the ribbons

Figure 5.5 shows the effect of different B compositon on the crystal structure and
microstructure. The grain size of the-&koy was controlledby using Boron as a dopant.
With more B in the Fe lattice, the concentration of theBR#hase increased linda The
phase volume fraction was calculated using the direct analysis njé@jdFigure 5.5(a)

shows that withtwo wt% B, the Fe,B concentration was of 2 vol%, where with the 3 and
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four wt% B, the FegB phase was of 6 and 11 vol%. The reason of using the Boron in the
Fe lattice was to control the grain structure, without compromising the magnetic saturation
magnetizaon. The two wt% B would give the minimum reduction in the saturation
magnetization due to KB phase. The microstructure of the-Beribbon is expected
different with different B composition. The grain size, d, of theBR@bon was calculated

using the Scherrer equatiphO5]:
A %(Equation 5.3)

Kis the shape factor, which is generally O
Cu radiation soure , b i s t heaydiffrattiorh peakdndtthhee d& is t he
angle. The peak width due tioe instrumentwas calibratedy usinga single crystal of Fe

asareference

Figure 5.5(b) shows the increase in grain size with increasing the B composition. The grain
size withtwo wt% B is of 18 nm, where the grain size increases to 32 and 44 nm, for the 3
and four wt% B, respectively. The grain size increase was due to theamed

crystalization of the F& and formation of F8 phase.
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Figure 5.5: The FeB phase volume and the microstructure of theBraloy, (a) FeB
phase vol% with increasing B composition, and (b) the grain size &etBealloy with

increasing B composition

5.3.3. Cu and B cedoped Fe ribbon:

We have discussed the effect of Cu and B doping on the microstructure of the Fe ribbon
in the section 5.3.1 and 5.3.2. As discussed, we were developing an alloy system, which
would have nanocrystalline structure, and the grain boundaries wouldbbaneiyered

with nonmagnetphase. Cu is helpful in segregating the grains of Fe and B is halpful
controling grain size and the crystalinity of the-gsin ribbons. The setorystalline

ribbon then was annealed atifferent temperature to obtain a spéxiigrain structure.
Figure 5.6(a) shows the microstructure of the FeCuB ribbon twithwt% B andthree

wt% Cu. The image was taken usiag SEM in the backscatterethode, which can show
thedifferent contrast of different compositions. The Cu atoms chestéo form precipitate s

along the boundary of Fe grains. The;B/® clusters were also precipitated selectively

along the grain boundaries. This microstructure canwork as the precursor for building the
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microstructure to form decoupled ferromagnetic grainth noamagnetic phases. Figure

5.6(b) shows the-xray diffraction pattern of the FeCuB alloy. Theay diffraction showed

t h eFe phase witlverysmall volume fraction of R8.
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Figure 5.6: Fe-3 wt% Cu 2 wt% B ribbon, (a) microstructure of the FeCuB ribbons, and
(b) the xray diffraction of the FeCuB ribbon with @oU r adi ati on ( XRD pat

toCuk U radiation standard)

5.3.4. Grain growth of the Fe CuB alloy:

Based on figure 5.6, the microstructure of FeCuB riblvess shownwith B and Cu
distribution in the microstructure. The grain structure can be modified to obtain a suitable
size using a heat treatment process. The FeCuB alloy was annealeeBa2 @0 C f or

minutes for understaimd) the grain growth. The grain size thfe ribbonswascalculated

based on the Sc her rag dfffastionfpeak midtti186]. The graing t h e

growth of the FeCuB alloyvas calculatedavith the following equation:

$ $ E (Equation 5.4)
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D and Dyis the grain size after and before the solutimy of the ribbon, k is the material
constant for the grain growtlandt is the solutionizing timek depends on the materials

composition and temperature of the solutionizing time and temperature.

Figure 5.7 shows the grain size of the FeCuB ribbonr afteealing at 608 2 5 C for
minutes and then quenching in room temperature water. The grain size increased from 280
nm to 800 nm within this 225 C range. T
composition was found using equation 5.4. The gramwtir constant also increased from

21.1to 177.8 At s , almost 9x within the 225 C tem
This value would help in designing the thermal process for thé W&o Cu 2 wi% B

alloy with optimized grain size.
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Figure 5.7: The grain growth of the FeCuB ribbon at different solutionizing temperatures
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5.3.5.The microstructure ofthe Fe CuB ribbons:

The microstructure of FeCuB ribbowas analyzedvith different annealing conditions.
Figure 5.8 shows the grain structure of th
for 5 minutes and then gquenching in room temperatuager and following up with
temperingat 400 C f or Actude anagewas takénm @ backscattereds t r u
mode with SEM Thus a contrast between chemical composition was easily observed. The
brighter object representthe higher atomic weight phase with this method of electron
microscopy. Figure 5.8 (gp) shows that the grain boundary populatedwith Cu
precipitates. The Cu precipitateégere showrwith yellow arrows in the image. The grain

size with 50 Gof28Cnmavherecas hiengrwan size with 7
nm. The goal of this process was to design a homogenous distribution of the Cu clusters

and also obtain an optimized grain siZée Cu atom is quite homogenous with 500 and

700 C annealing.
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Figure 5.8: The microstructure of FeCuB ribbon after heat treatment at different

temperatures. After annealing atertaintemperature, the ribbons were quenched in
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water and tempered at 4®)0 500G mnu@sih inrou®O0s ;

C for 5 minutes

In figure 5.9, the grain boundaries che seemuite clearly andthe white clusters in the

grain boundaries are the Cu precipitates. Another imgottiasing canbe seerfrom the

figure 5.9 is that there is a clear contrast between the grain and grain boundary. The grain
boundariesareof the same contrast as of the Cu precipitates, which means the Cu clusters
were creating a layer on the grain boundari€is wil be helpful in decoupling the Fe

N/Fe grains and obtaining higher coercivity.
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Figure 5.9: The highresolution BSE image of the grains and the grain boundaries of the

FeCuB ribbons showing the contrast between the grains and grain boundaries
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5. 3. 6. Magnetic perfor manc &adNophaset he Fe CuBN
The Cuand B doped Feribbons waret r i ded and subsequently pi
FegN, phase. The ribbon was doped witree wt% Cu andtwo wt% B and then
solutionized at 700 C for 3 minutes and quenched in water. Later, the FeCuB ribbons were
nitrided using NHand H gas mixturefollowed by martensitic phase transformations and

stress annealing steps, as described in the experimental method section. The undoped FeN
ribbon was prepared using a Fe foil and then nitrided using the same recipe as mentioned
above. The martensitic plasansformation and stress annealing process was also similar

for the undoped FeN ribbon.

The details of the strategy titain theU fijegN, phase from Fe ribbowas discusseih

other publication of the authof84]. Figure 5.10 shows the magnetic hysteresis loop of the
FeN magnets with and without Cu and B doping. In the presence of Cu and B doping, the
coercivity increased to 600 Oe, wherepaslopedFeN magneshows very low coercivity

of ~20 Oe. The increase ino@rcivity was attributedto the nornnteraction of the
ferromagnetic FeN grains by decoupling using amagnetic material and controling the
grain structure size Cu and B composition. Also, the negative magnetic anisotroppB of Fe
canceledsomepart ofthe positive magnetic anisotropy of the; e phase[79,103] The
undoped alloy FeN magnet showed higher saturation magnetization than theodeped
because the magnetic saturation magnetizatras compromiseth the doped alloy due to

the presence of nemagnetic Cu and B/EB.
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Figure 5.10. Magnetic hysteresis loop of the Cu and B doped and undoped FeN magnet

The magnetic properties of the grain engineered FeN ribbons showed relatively lower
coercivity than that from the theoretical calculation. There are multifaceted reasons behind
this. First, the purity of the kgN, phase might havbeen compromisedThus the high
magnetocrystaline anisotropy was not present in the material. Second, the final
microstructure of the FeN ribbons might bet maintainedas of the microstructure buildup
stage. We have demonstrated that the B and €logiog based microstruets which was

ideal for obtaining a high coercivity FeN magnet. However, further processing such as

nitriding, quenching andpostannealingcan refine the microstructure. It would be required
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to maintain an ideal microstructure throughout the materiasegssing stages to obtain
high coercivity magnets. Third, the influence of magnetic grain boundaries [ affel

other FeN phase mighie underestimated

5.4. Conclusions:

We have developed a Jhagh.lg@ids uding a necthageoeticu pl i n g
material along the grain boundary. The proposed method of controling the grain boundary
composition was demonstratevith Cu doping in the Fe lattice. B doping helped in
controling the grain structure. We reported the graowgjn constant of the F8 wt% Cu

2 wt% B alloy and found the effect of excessive Cu and B in the Fe crystal structure and
microstructure. Excessive Cu atoms form big clusters, wikiciot desiredor decoupling

the grain boundaries. Excessive B compmsitends to form FeB compound F&B, which

compromised the purity dheFephase requiredegN.o obtain pure
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Chapter 6: Nitriding and martensitic
phase transformation of the Cu and B

doped FeN magnet

In this chapter, we wil discuss twsolidstate phase transformatiensitriding of the
ternary alloy FeCuB ribbons and martensitic phase transformation in the FeCuBN ribbons
using xray diffraction, Auger Electron spectroscopy, and scanning electron microscopy.
We have studied the kinetiad nitrogen in FeCuB ribbons and found the activation energy
of N to diffuse in the FeCuB matrix and the diffusion coefficient of N at different
temperatures. We investigated the evolution of the microstructure during nitriding and
found a layered growthf@on nitride in the FeCuB matrix. Finally, the martensitic phase
transformation of the FeCuBN ribbons was also optimizattithe optimizing parameters

for the martensitic phase transformation of FeCuB ribbeasereported

6.1. Introduction

Fe-based alloysare widely use@smagnetic materials for the applications of transformer,
inductors, motors, generators, actuatensd sensorg68,107,108] The development of
magnetic materials requirea fundamental understanding of the solgtate phase
transformation process to accommodate the design and developmentecoéndifand
integrated synthesis processes. The most prominent and mostly tisaskfBecompounds
and alloys include MnZn FerriteMnZm.xFe,0,4), NiZn Ferrite NixZn«Fe0,) [109],
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Alnico [5] and NdFeB permanent magng®,13,70,86,110] Magnetic properties such as
saturation magnetization and magnetocrystaline anisotawpyhighly dependent on the
crystal structure of the material, which determines the magnetic interaction between
constituents within a lattice structupgll]. Moreover, the resulting microstructure after
the solidstate phase transformatioe.g, the shape and size of the graiaad grain
boundaries, is also a product of saiidite phase transformation process parameters such
as temperature, pressure, time of aging adrtaintemperaturgetc. The microstructure of

a material is one of the pivotal elements to control the coercivib77,112] and
permeabilty of magnetic material§113,114] which in turn controls the performances of
both permanent and s$ohagnetic materials. Thus, understanding and controling the solid
state phase transformation is very important to develop and scale up any magnetic materials

for technological applications.

In this chapterwe studied the soldtate phase transformatiaf the Cu and B doped FeN
magnetsince we have proposed to use FeCuB ternary alloy as the raw material (precursor)
to obtain a body center tetragonal (BCT) phase Iron Nitride (FeN)compound with desirable
microstructure[64,115] UE|eBN and UxFeeN, is regarded as one of the most intrigued
materials because of its higaturation magnetization of 2.3 T and-2.8 T, respectively
[19,21,66,116,117] The saturation flux density is beneficial in reducing machine size, and
have efficient functiola pr oper t i e sFegNMasa high madnetocrystaliéne
anisotropy of 161.8 10 J/n?[50,118] which makes it feasible to fabricate ragarth

free permanent magnets with an energy product up to 130 M&EL7] more than

200% higher than currently available strongest magnets, Neodymium méligits
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The figure of merit of a permanent magnet, the energy prodig)y, IS determined by
the product of saturation flux density, B and coercive field of the magpefhel coercive
field is the field required to resist the demagnetization of the magnet. Bakedroniiller

et al. proposal[84], coercivity H. canbe writtenasthe following:

( 18 r& (Equation 61),

Where H is the coercive field, Hi s t he anisotropy field,
coefficient in the polycrystaline grainsand other factors and Mis the saturation

magnetization of the magnet.

The magnetic interaction between adjacent ferromagnetic grains reduces the coercive field
of the magnet. Here b in the equation 6.1
magnet also reduces with the increment in grain[iz8]. Thus, it is important to control

the grain size andhé grain boundary composition to obtain the maximum coercive field,
hence maximum energy product. The size of ferromagnetic grainbecaontrolled by

using doping elements that can hinder the grain growth by precipitating along the grain
boundaries[120]. The grain size also can be engineered by using doping elements, which
can reduce the crystallization of the material and form a-sgmstialine or glassy material
[121,122. The semcrystaline or glassy material then can be tesdted ag suitable
temperature to crystalize the grain with the desired grain size. Controling the grain
boundary composition is another very important step to obtain a high energy product
magnet. The grains of ferromagnetic :#& should be decoupled using a roagnetic

grain boundary composition. Figure 6.1 shows the schematic diagram of the decoupled
ferromagnetic grains wita nonmagneticgrain boundary. Nemagnetic precipitation can

help greatly in decoupling the ferromagnetic grains.
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Non magnetic grain boundary
Interacting ferromagnetic grains

Figure 6.1: The schematic diagram tife nonmagnetic grain boundary

We have designed an alloy system with Fea®iCu. The details of the alloy desigvere
discussedhe chapter 5. B and Guereused to control the grain size, the composition of
the grain boundary. We have found Cu in the grain boundary-afldy¢ shown in section

5.3.5.

We report here the analysis of the nitriding kinetics of Cu and B doped Felgo@his to
understand the kinetics of nitrogen diffusion in the FeCuB matrix and compare the kinetics
of the nitrogen diffusion through the grain boundaries and into the nanocrystaline Fe
grains. Nitrogen diffusion is controlled by controling tempematyressure, nitriding
source composition and time by using different techniqgues such as gas nitriding, plasma
nitriding, ion implantation, and physical vapor depositif$,21,42,65,128125] The

mostly used for the bulk materials nitriding is gas nitriding, whereiMHIsedas a nitrogen
sourceandH,is used to control the N composition and subsequent phases. Lehrer diagram
for Iron nitriding theoretically predicts the crystaline structur¢hef compound based on

temperature, and NgfHratio [126].
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The second feature in this chaptethe martensitic phase transformation of@&B-N

alloy. Iron nitride phases such ﬁsHeBN and UkFegN, are martensites, which have
superior magnetic properties, as mentioned befédel18] UE|eBN is the chemically
disordered martensitic phase where N atoms sit in the octahedral voids of Fe lattice
randomly [41].  -FeghNhds the chemically ordered martensite phase where N atoms sit
in the octahedral voids of Fe lattice in an ordered format [43]. To form an ordered
martensiti c-FegN,Nhe pitoges atpms Waeds to sit in only one type of
octahedral voids ofFe lattice [23,24,127] Sirc e -F&lgi, has the technological
importance due to its potential to become a-eaghfree permanent magnet, it is very
important to understand the martensitic transformation process of this compound. The
vol ume fr act i-FegN, phdse inalFeN magnet avil be ldrgely determined

by the volume fraction of théLHeBN phase. Here, the martensitic phase transformation of
the Cu and B doped FeN was studied and the process was developed for maximizing the

martensitic phase.

6.2. Experimental mehods

The FeCuB ingotswere preparetty using MTI Arc Melting furnac&EQ-SP-MSM207.
The raw materials wer@9.99% Fe foll of 0.125 mm thickness (Goodfellow), 99.5% Cu
powder SigmaAldrich), and 99.9% F#8 powder Sgma Aldrich). The Cu and K8
powderswerewrappednside the Fe foil witha pre-designedstoichiometry of FgBoCus.
The wrapped pellets were melted inside the Arc melting furdaicees to homogenize the
composition. The ingot was then placed in EdmundBihler Melt spinner SC and
vacuumed up to 0.0Bar. The FeCuB pellet was melted using the induction melting

processand the ribbon of FECuB was preparedvith a wheel speed of 25 m/s using
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Nitrogen as the working gas. The spaut ribbons have a thickness ofol81 0 & m. The
ribbons were then cut into 10 mm pieces for the continuity of multiple experiments. The

cut ribbons were annealed at 700° C for 3 minutes to disperse the Cu in the grain boundary
and quenched intro room temperature water from 700° C to réuigeain size to several
hundrednanometers. The FeCuB ribbons were then solutionized at 400° C for 4 hours to

the homogenize the microstructure. Then the FeCuB ribbons were polished to remove any
surface oxidation or dirt and wiped with 100% IPA. Theadked FeCuB ribbons were put

in a tube furnace in a ceramic crucible and reduced at 500° C for 30 minutes with 40
cnmi/min of H, gas. Reduction helps to remove any oxide phase in the surface. Later, the
FeCuB ribbons were nitrided for36 hours at 206650° C with 60 vol% NHin anNHs/H,

gas mixture.

The chemical composition of the samplas measureldy Physical Electronics 670 Auger

electron spectroscopy (AES). The analygss doneat 5kV/5 nA. AES measuremewas

done after removing 1 pm of the surface material via sputtering using Ar gas. The depth

profile of the ribbons was done by mounting the ribbons along the thickness direction and

run auger electron beam through the thickness of the ribbanicradiffractometerwith

Co KU radiation (Bruker D8 paydiffrastore(XRDRD) wa
pattern. The pattern was then converted t.
software, JADE. Scanning electron microscepgs doneusing Hitachi SU8230 S#&. The
microscopywas doneby using backscattered electron microscopy technique with a BSE

detector.
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6.3. Results and analysis

The FeCuB ribbons were of 1@®WkinG lesgim Forn t hi c
the simplicity of the experimental procesise ribbons were cut up to 10 mm long. Figure

6.2(a) shows the-ray diffraction pattern of the FEu-B ribbon. We found above 95 vol%

of tFe phasendthe rest was balanced by,Beand FgOs. Figure 6.2(b) shows the

chemical composition of the gmwepared FeCuB ribbon measured by Auger Electron
Spectroscopy (AES). The Chemical composition was analyzed as 93.5 wt% Fe, 2.4 wt%

B, 3.1 wt% Cu and 0-% wt% O.
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Figure 6.2: Characterization of FEu-B ribbon, (a) Xraydiffraction of the FeCuB
ribbon shows Fe and B phase, (b) Auger Electron Spectroscopy (AES) shows the

chemical composition of FeCuB ribbon

6.3.1.Nitriding of FeCuB ribbons
Nitriding of the ribbon was controlled by temperature, gas pressure and nitriding time. The
surface roughness and thickness of the ribbons were homogenous over the experimental

setups. Nitriding process of iron alloys has been theoretically predictedhbgridiagram,
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which shows that based on different temperature, nitriding time and gas pressure, different
iron nitride compounds are generaf2sl128,129] Based on the Lehrer diagram, we found

t h aFssN di’J1do-lE|e4N phase can be formed by using different temperatures agtHhH

gas ratio. In our experiments, we fabricatea itnde layer with o-IE|e4N phase using

different temperature, N¢H; ratio and nitriding time.

Figure 6.3 shows the-Ky diffracton patterns of the FEu-B ribbons nitrided at 200
500°C for 4 hours. The nitriding h&gen dondor 4 hours withan NHs/H, gas ratio of 3/2.
The composition o®-|E|e4N phase increases with the increase in temperature above 400°C.

Af t er ni t rCjthkiranghasastbecanledhe dominating phases in the sample.

3000 | N | N | N | N |
As prepred FeCuB ribbon
§ —— 200° C nitrided -
— —— 300° C nitrided
2500 + o —— 400° C nitrided B
- 450° C nitrided
—— 500° C nitrided
2000 -
=
S,
2> 1500 ~
)
c
g
£ 1000 A
500 ~— —
0 I I I I I

30I40I50I60‘70
2q [degree]

100



Figure 6.3: X-r ay diffraction of nitrided FeCuBN w

standardized to Cu jtadiation)

6.3.2. Effect of Nitriding time on Nitriding of Fe CuB ribbons

Figure 6.4 shows the effect of nitriding time on the nitrogen concentration on-the-Be
ribbons. Nitrogen composition increased linearly within 28 hours of nitriding. After 28
hours, the nitrogen concentration wasedaied and become saturated completely. The
maximum nitrogen concentration was 15 at% after 28 hours of nitriding at 500°C with 60

vol% NHz in NHzand H gas mixture.
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Figure 6.4: Nitriding of FeCuBN ribbons for differerit i mes at 500 3C with
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6.3.3. Effect of Nitriding at different te mperature

Temperature is avery important parameter to control the nitrided phase and microstructure.
The temperature of the process increases the nitrogen diffusion and also changes the
microstructure. The composition of the nitrided FeCuB ribbons was measurgdthsin

Auger Electron Spectroscopyo reduce the surface contamination efféwé surface was
sputtered up to 0.5 g&m. The composit+ion of
55 0 is shéwnin Figure 6.5. The nitrogen composition was found &&®, 10, 12 and

15 at% respectively, at 400, 425, 450, 475, 500 and 525 and 550° C, respectively. By fitting

the data points following empiricaklation can was found:

T 4

"Bl ITTHHHECT T TUHMTTIB H 8 AYHD T "HTHT TAH 8

18 - e Nitrogen concentration vs T
Linear fit

16 -

14 |

10 k- Nitrogen composition (atomic %)

= 0.07*Temeprature in ('C) -21.4

Nitrogen composition (atomic %)

420 440 460 480 500 520 540 560

Temperature (°C)

Figure 6.5: Nitrogen composition of FeCuBN ribbons at different temperature
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6.3.4. Kinetics of Nitriding in Fe CuB ribbons

We have studied the kinetics of the nitriding in FeCuB ribbons by measuring nitrogen
composttion along the thickness of the ribbon. We assume that the diffusion process of the
nitrogen in the iron lattice is a n@teady state diffusion. E. Mittemeiigt30] found that

during gas nitriding process, initially a compouttide helayeri s f or med e ompr i S
FesN and then other iron nitride phases grbelow, that layer[129,131] The nitrogen

atoms have to pass through the iron nitride layer to diffuse into the virgin iron lattice. In

our case, we were growing-Eie4N phase below the compound layer. The diffusion
coefficient -Befando-ReNriogdeyn ofpi pm U 7Oand ¢d ¢

p 1t | 7¥O[128], respectively .The diffush coefficient of nirogen in the Aettice &

driven by thermal activation using the Arrhenius relation as following:
$ $1A@Db — (Equation 6.2)

$ is the diffusion co-efficient, $ is the preexponentialfactor of diffusion, 4 is the
temperature in Kelvin2 is the gas constant afdis the activation energy for diffusion in

J/mol.

Fickds s e c stealy state diffugioh ofmtoms isfaows:
— $ — (Equation 6.3)

By solving the equation, we can obtain:

Z z p AOzE $ O(Equation 6.4)
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# is the nitrogen composition in x depth, is the average nitrogen composition in the
FeCuB ribbon,# is the nitrogen concentration in the surface andattise of nitriding

treatment.

Figure 6.6 shows the nitreg concentration through the thickness of the FeCuB fods at

different temperature. The ribbons were nitrided at-8589 O C for 36 hours
NHszin the NH3/H,gas mixture. The nitrogen concentration followadimilar pattern for

all the temperatures, 450, 475, 500 and 55
ranges from 11.12 to 17.42 at% N, which reduced almo£030® in the middle of the

ribbons. The nitrogen concentration in the middle of the ribbwasin the range of 5.72

to 12.48 at% N.
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Figure 6.6: Nitrogen composition along the thickness of the FeCuB ribboagliti¢rent
temperature. Nitridingwas donefor 36 hours with 60 vol% NEin an NH3/H, gas

mixture

Using theequation 6.4the diffusion coefficient of nitrogen in FeCuB is calculated for

450, 475, 500 and 550 C, respectively.
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Table 6.1: The calculated diffusion coefficient of N in FeCuB

Temper at ( The dfusion coefficient, D p 1
(me/s)

450 0.78

475 1.25

500 1.79

550 3.29

To calculate the activation energy for diffusion of nitrogen in FeCuB alloy, equation (2)

can be rewritten as:
1T $1 BT 92 4(Equation 6.5)

Figure 6.7 shows thé & vs. p¥4 of the nitrogen diffusion in FeCuB alloy. The linear

fitting of the data points reveals the slope and the intercept of the graph.
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Figure 6.7:In Dvs. /T of nitrogen diffusion in FeCuB alloy. The linear fitting of the

data points shows the slope€E(R) and the intercept (Indpof the graph

By using Figure 6.7, we can find the slope as E/R= 8421.73 K, R= 8.314Kl/mblus,

the nitrogen activation engy, E, was found as 70.01 kJ/mol.

The preexponential factor (Dfor the nitrogen diffusion in FeCuBvas found as

P& L p TT M¥/s.

6.3.5. Microstructural changes withsolid-state phase transformations

The microstructureof FeCuB changes with the diffusion of nitrogen in the iron lattice.
Figure 6.8 shows the change in microstructure in the ribbon. The images were taken in
Hitachi 8230SU SEM using backscattered imaging technigue. Backscattered imaging
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technique can distjuish between the atomic weightsydthe distinction caibe seeras
contrast. Heavier atoms appear brighter t h
water quenched FeCuB ribbon is shown in Figure 6.8(a), where equiaxed grains of 500

700 nm Fe areisible with B/FeB and Cu precipitates in the grain boundaries. After 36

hours of nitriding at 500° C for 36 hours with 60 vol% of Nidthe NHy/H, gas mixture

the grain growth happened, and nitrogeas diffusedthrough the grain boundaries. In

figure 6.8(b), we can see the nitrided FeCuB ribbon with different contrasts in the
microstructure. The matrix of the microstructure was Fe, where the white precipitates were
composed of Cu. The-Bch and Nrich composititn weresegregated into a separate zone,

as shown in figure 8(b). The dark black colored zones weaiehBwhere relatively lighter

gray-coloredzones were Nich zone.

B/Fe,B precipitate

P Cu layer along GB

B . orccivitoe:

NS
-B—rich zone
L Cu precipitates

SU8230 10.0kV 8.4mm x70.0k PDBSE(CP) 11/23/2016 14:05 500nm

Figure 6.8: The microstructure of the FeCuBN ribboa) asprepared ribbon, b) ribbon
after annealing at 700 C for 3 minutes an
nitriding at 500 C fasinrNH8H6gashixture,andyd) 2o0dmeds 0 v o

in view of thenitrogenrich region showing lagred growth of iron nitride

108



Figure 6.9 shows the EDS map of the FeCuBN ribbon, focusing on N and Cu distribution.
The circled area has layered nitride growth, which shows a clear pattern in the map. The
nitrogen concentration is higher in thmaarked areaand copper concentration is lower in

that area. Cu atoms tended to segregate along the grain boundlatisesve can see big

Cu precipitates along the periphery of the circle.

N K

Figure 6.9: The chemical composition map of thitrided FeCuB ribbon, collected using

SEM-EDS

6.3.6. Comparison othe diffusion coefficient of N in nanostructured Fe CuB matrix

and pure Fe

The diffusion coefficient of N in the nanostructuredwis reportechso® p 1t | 7O

at 3 O[Ir5]. The diffusion coefficient of N in the FeCuB matriwas found as
pEwpmn | Oat 500 C. Us i n gefRT lwe foundbthendiffusian D
coefficientof N in FeCuB aofga pmi k TGavhich3sawb ordees of
magnitude lower than the diffusion coefficient of N in nanostructured Fe. The rimson
the slower diffusion rate is the microstructural hindrance such as Cu and B precipitates in
thegrain boundary regions. The N diffusion coefficient in the Fe structure with micron size
grains ranges from& x o®) p m | 7¥0[132], which is one order of magnitude lower
than the diffusion coefficient of N in the nanostructured FeCuB matrix. Because of the
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nanostructuring, more N can diffuse through grain boundaries and thus the diffusion

coefficientis increasedh nanostructured FeCuB relative to microstructured Fe.

6.3.7.Martensitic phase transformation
Martensitic phase transformation is another aspect of obtaining improved functional
properties of iron nitrides, as discussed in the introduction sectiamensitic phase

transformation of material is controlled by thdoiwing equation

Y (v

Yy Y( —— (Equation 6.6)

y' is the change in Gibbs free energy for martensitic phase transformétion, is
the change in enthalpy due to martensttic phase transformatiois, the martensite start

temperature and is the operating temperature.

G is controlled by u#n€deThevaod aof RNichanges with he ma

the different alloying condition. In this chapter, we showed the martensitic phase
transformation conditon of FEu-B-N aloy with threeat% Cu andeight at% B with
approximately 911 at% N. The martensitic phase transformatwas controlled by

qguenching rate using different solutionizing time and quenching media.

Figure 6.10 shows the-ray diffraction of different quenching conditions. The FeCuBN

ribbons were quenchedh water, icewater and liquid nitrogen to accommodate different
guenching rate. The temperature of waterweder, andliquid nitrogenwere2 0 , @ C
and-1 9 6 C, respectively. Due to different g
force for quenching changes in the FeCuBN ribbon. The solutionizing time for

homogenizing the temperature in the FeCuB ribbares variedfrom 2 minutes to 6
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minutes. The ribbonsvere solutionizedat 6 80 C . -(c)l we fotind ghatrakmve 9 ( a )
2 minutes obkdutionizingt e mper at ur e, i Fag\n  onFeyN)dMpicisdhhesp ha s e s

because of the thermal decompositionoﬁezN phase as following:

In Figure 6.10(a)c), we have found that, with the quenching, the martensitic phabke Fe
phase was grown in the FeCuBN ribbons. Unique peeks obtainedrom (101), (213)

and (110) -FgN phase Bigure 6.10(d)Njummarizes the volume fractioheof t
martensitic phases from different quenching media. The volume fraction of the pleases
obtained by using direct analysis metHd@3]. The volume fraction othe martensitic
phase of the water quenched FeCuBN ribbon was 0.45. The martensitic volume fraction
increases by 22% with increasing the quenching rate by quenchingwatee. However,

the liquid nitrogen quenching vyielded lower martensitic phase despite the diferenc
between martensitic start temperaf@edmedia temperature is very high. The reafson

the lowerformation of the martensitic phase is the reduced heat transfer between the solid
FeCuBN ribbon and liquid nitrogen media. The liquid nitrogen startsitevhen hot metal
ribbon comes in contacndthe fume of the liquid nitrogen works asbarrier layer
between the FeCuB ribbon and the cold media. Thus, the effective cooling rate is lower

than water and icevater, which eventually cause less yieldhe martensiticphase.
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Figure 6.10. The Xray diffraction of the quenched FeCuBN ribbons, (a) quenched in
water, (b) quenched in ieg@ater, (c) quenched in liquid nitrogen, and (d) the martensitic

U-R@N phase volume fraction

6.3.8.The microstructure ofthe martensitic Fe CuBN ribbon

Figure 6.11(a) shows the microstructure of the FeCuBN after martensitic phase
transformation. The microstructure contained two separate redapslark Nrich area,

and (b) bright Npoor area. fle composition of the bright and dark area was measured
using EDS andthe points were markedn figure 6.11 (a). Figure 6.11(b) shows the
difference of the composition between the bright and dark area. The N composition
changed from 0.98 wt% to 3.53 wt% froenbright area toa dark area, where Fe

composition changed from 83.87 wt% to 77.51 wt%.
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Figure 6.11 (a) The microstructure of the martensitic FeCuB ribbon wihcN and N

poor region, (b) the change in composition between

6.3.9. Nitrogen retribution model in the Fe CuBN martensitic phase

The segregation of fdtoms was shown in both figure 6.8 (d) and figure 6.11 (a). The
nitrided FeCuBN ribbons hawelayeredstructure with Nrich and Npoor area as shown

in figure 6.8(d). The N i ch areas wer e c-begNphasenanédndN- a s he
poor core with FgN and Fe mixture. Figure 6.12 (a) shows the schematic of-tighMnd

N-poor grain structure. When the FeCuBN ribbeas solutionizedat 7 00 C for 2
the N atomstend to diffuse from the shell towards the core to balance the atomic

distribution and formhigh-temperatures t a b | e-FepgNhas shewn m figure 6.12(b).

J-FesN=—>» -FeN 2

The redistribution of N atoms helps in obtainiagstoichiometric U-R@N strucure with
threewt % N at oms. Upon rapid coolingFedise quenc

then transformed n t -BesNU Nj
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N-rich shell H Nitrogen diffusion
toward core

1 Fe,N
NS
N-poor core

Fe,N+Fe / ] ~—

Figure 6.12 The N-segregation model of the martensitic FeCuBN, (a) TeNshell
with N-poor core, (b) The redistribution ofddt oms t owar ds -RegN® cor e t

transfd&aNn t o UN;j

6.4. Conclusions

Nitrogen diffusion kinetics in the FeCuB matrix Haesen reportedn this chapter. We
found the diffusion coefficient of N in FeCuB matrix aspgf w p m | 7Qwhich is

two ordess of magnitudes smaller armhe order of magnitude larger than the to the N
diffusion coefficient in the nanostructured and microstructured respectively. The
discrepancy of the diffusion coefficient is explained based on the change in microstructure.
The nitride layeformationin the FeCuB matrix was unique; N atoms diffuse through grain
boundaries and create islaiilé@ structure in thematrix. Inside the big island 2 € m
grains), the iron nitridewas grownin layers. The grain boundary of FeCuB matrix
contained Cu and B/EB precipitates, which slowed down the diffusion of N in the
structure. The martensitic phase transformation @UBN was also optimizedby using

cewat er as quenching media and 2 min as s
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nitriding and the martensitic phase transformation process wil be useful for the functional

alloy development based on FeCuB for thegnetic and structural applications.
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Chapter 7. Carbon doped FeN magnet with
high saturation magnetization and low

coercivity

This chapter is partially adapted from Md Mehetal, Journal of Physics 30, 37

37LTO1 (2017)

In this chapter, we are reporting a new soft magnetic material with high saturation magnetic
flux density, and low magnetic anisotropy. The new material is a compound of iron,
nitrogen and carborlJ-Rgs(NC), which has saturation flux density of 2.8+0.15aiid
magnetic anisotropy of 46 kJ¥nirhe saturation flux density is 27% higher than pure iron,

a widely used soft magnetic material. Soft magnetic materials are very important buiding
blocks of motors, generators, inductors, transformers, sensors amdeads othe hard

disc. The new material will help in the miniaturization and efficiency increment of the next

generation of electronic devices.

7.1. Introduction

The ®ft magnetic material is an important building block for motors, generators, sensors,
write heads of hard disk drives, transformers, and indug¢f34 137]. A combination of

high saturation fluxdensityand low magnetic anisotropy is rare to find in one soft magnetic

material. The high saturation flux density wil enable the reduction of machine size, and
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low magnetic anisotropy wil enable higher eifncy138]. With this combination, the
material canbe usedas the core in high-efficiency energy converter applications.
Moreover, the fast growth of areal density of magnetic recording media requires a high
flux density material with low magnetic anisotropy for writer heff39]. Currently
available soft magnetic materials such as FeNi-d-e-Si, FeCo, ferrites and Feased
nanocrystaline and amorphous soft magnets cannot provide this desired
combinatiofil 00,140 149]. Silicon steel (F&i), pure iron (Fe), Permalloy (Héi), and
nanocrgtaline and amorphous Fdased alloyd50], which are currently usedh high-
performance transformers and motors, have saturation flux density of2.23T
[141,145,150] The FeCo alloy, whichis currently usedn write headshas a higher
saturation flux density of 2.40 [[43,147,151] HowevetCo is a Ocriti cal n
on its supply chain risk reported bye Critical Materials Institute[72]. I n the 1990:¢
FeisN, was reportedvith a flux density of 2.8.0 T, which triggered the search for-Re
based high flux density materigi80]. H o w e v eFegN, hilsmi high magnetocrystalline
anisotropy of 1000 kJAn[21,43], which renders it unsuitable for soft magnetic
applications. With increasing demand for machine miniaturization, energy efficiency, and
reduction of dependencen eelements that are in short supply, much efi®rturrently
devotedto the search of new sustainable materials with a high saturation flux density of
>2.4 T, and low coercivity of-B0O A/m. Herein, we report a new soft magnetic material,
Minnealloy, acmpound of F&eg(NQ) The suberid® maghetidux density

of Minnealloy suggests that this material wil be helpful in buidiaghextgeneration

electronic system having smaller size and weight.
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7.2. Materials and Methods

The material was prepared by a vacuum cold crucible casting system (Crystalox Bridgman
Stockbarger System) whicls basedn the induction melting process. The vacuum of

2 102 mbarwas obtained using a mechanical pump, and thema&rused as a working

gas. The molten metalas levitatedin the watetcooled crucible with the aid of magnetic
levitation. Urea (Sigma&ldrich, 99.5%) was used as the source of nitrogen and carbon and
was wrappednside a 0.1 mm iron foil (Sigma Aldrich, 99.5%). The chemicattiea of

decomposition of urea [(NHLCO] was as follows:

(NH2)-CO—> NH+ HCNO (Equation 7.1)

NH3; —> [N] + 3/2 H,(Equation 7.2)

The wrapped precursor was compressed in a cold press at 2 MPa for 10, naimates

paletlke Fe-Urea precursowas preparedrhe iron foil was inttially melted by induction

heating andthe decomposed Urea (M O-NH,) was the source to diffuse nitrogen and
carbon in the meeNE(soid soutioro of N inol C in d-e lattice). The

crystal structure ab-FeNCis facecenter cubic (FCC), where N and C atamnse randomly

distributed in face center positions of Fe lattice. Téghereshapedsample was then cut

into ribbons of 51 0.2 mn% size. The ribbons were then annealed at 640°C for 30 minute's

and quenched in ie@ater to transfornface-centerectubic crystal structuréo the body
center tetragonal crystal s Fe(NQG) wasforened Af t er
and was annealed at 180°C for 20 hours to remove the residual stress generated in the

lattice due tdhe quenchingprocess.
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The chemical composition of the samplas measureby Physical Electronics 670

Auger electron spectroscopy (AES). The analyssdoneatfive kV/5 nA. AES
measurementvas doneafter removingonee m of t he surface materia
using Ar gas. Physical Electronics 555a§ photoelectron spectroscopy (XPS) (on
monochromatic Mg/Al KU -fdy source) was used to measure thditiy energy of

carbon with iron and oxygen. microdiffractometerwith Cu Kyradiation (Bruker D8
Discover 2D) was used to obtain thea§ diffraction spectrum. The spectrumas

refinedby fitting the data in a Gaussian profile using JADEBe magnetigroperties of

the samplaveremeasured using a Princeton Measurements Vibrating Sample
Magnetometer (VSM) 3908erieswhich has a sensitivity of 510° Am2( 5 e e mu) . The
field resolution of the VSM is 0.5 Oe or, 40 A/m (0.005% of full range field up to 10
KOe) Before each measuremetfite instrument was calibrated using a standard Ni
sample withthe known magnetic moment (44.dhemu), provided by NISTThe desity

of the sample was calculated by measuring the mass of the sample and then divide the
mass by the volume of the sample. The density of the sample was calculated by
measuring the mass of the sample using Secura2Zbass balance system with

0.00001 gesolution and then, calculated the volume of the ribbon based on the
dimensions (width, lengfhandthickness). Since density = mass/volume, we can
precisely measure the density of the sampéanning electron microscopyas done

using Hitachi SU8230 SEM. Transmission electron microscope (TEM) sameles
preparedn an FEI Quanta 200 3D Focused lon Beam (FIB) operating at 30 kV of

galium ion beam with a lfout method. FEI Tecnai G2 F30 (S)TEM having a Schottky
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field emissionelectron gun operating at 300 kV wamextractionvoltage of 4 kVwas

usedfor electron diffraction and conventional brigiggld TEM imaging.

7.3. Results

7.3.1. Crystalline phases and chemical compositions

The prepared ribbons with a dimension of-3.@ 0.35 0.2 mn% are shownin Figure
7.1(a). Xray diffraction (XRD) of the Minnealloy samplegas donewith Cu Kgradiation.
Thed2 d gscslownin Figure 7.1(b). The martensitic phase transformation is one of
the main controling factors of the purity of the Minnealloy samples. The Gibbs free energy
change YG) of the martensitic phase transformation is proportional to the degree of
undercooling below the martensitetarstemperatureTo obtain a high volume percentage

of martensite phas¢he quenching process was optimized by selecting proper quenching
media and quenching time. The XRE2 d  ©ftha quenched sample showed diffraction
peaksf om t he martensit e wepehohtanedrom the (101)J(110q u e
and (200) pl an &gNQ@]fBadddan the ¥RD soary, we found a 42+12%

v o |-Fe(NE) phase with a 53+12%vol Fe and a 5+1%voldze The lattice parameter
was ado calculated based on the lattice spacing obtained-rawy diffraction. The
Minnealloy phase has a lattice parameter of a=0.288 nm and c= 0.305 nm.

We analyzed the composition of the sample by Auger electron spectroscopy (AES). The
spectrum from the AES presented Figure 7.1 (c). We found a composition of 71 at%
iron, four at% nitrogen, 14 at% carbon, and 11 at% oxygen in the Minnealloy sample. The
excess carbors randomly distributedin the Fe lattice, which is evident from theray

photoelectronspectroscopyXPS) result shown in Figure 7.1(d)o understand the carbon
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distribution, we analyzed the carbon concentration wittayXphotoelectron spectroscopy.

Figure 7.1(d) shows the Gaussian fit of the C 1s spectra, where fourgreadstaine cit

284.4, 285.6, 287.7 and 289.6 eV. The peak at 287.7 eV arises frorOHt liond152]

while the peaks at 285.6 and 289.6 eV are from th€ @nd OC=0O bonds,

respectivehf153] Jiang et. al153] also obsrved the evidence @ FeC bond from 283.9

to 284.3 eV, which confirms the existence of&dond in our sample at 284.4 eV. Based

on the Gaussian fitting of the plotpur a t %

car bon

bonds -F=e6

compound. Carbon and oxygen origingti from the decomposition of urea (MEO-

NHy), which are trappedhside the bulk sample due to very fast cooling.
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Figure 7.1. Characterization of the Minnealloy sample, (a) Minnealloy ribbon samples.
(b) X-ray diffraction patterns of Minnealloy. (c) Auger electron spectroscopy of
Minnealloy sample revealed a mixture of Fe, N, C and O in the sample. (d) The bonding
of oxygen andcarbonare well understootdy doing Xray photoelectron spectroscopy

(XPS). The XPS data prove the existenceCHasonds.

7.3.2. Magnetic properties of Minnealloy

Magnetic properties of the Minnealloywere measuredwith a vibrating sample
magnetometer with a maximum applied field up to 800 kA/m. Figure 7.2 shows the
magnetic hysteresis loop of a Minnealloy sample. The ribbon sample with mixed phases
possesses a specific saturation magnetization) @258 emu/g (sapl e density,
7.620.05 g/cc). The saturation flux density:=B 4 M1 Was obtained as of 2.47 T,
which is demonstratedh Figure 7.2. The saturation flux density of 2.47 T of the ribbon is

a mixed contribut iFgandF&Qd:oNe caldulaied ¢ha ¢ohtdoytion U
from Minnealloy phase based on the wt% of phases calculated by using XRD scan. The
saturation flux density of Minnealloy phaseas foundas 2.8+0.15 T. Details of the
calculation are enclosed in supplementary S2. The stieciof the sample were 197 A/m
(~2.4 Oe) and 295 A/m (~3.7 Oe) for the applied magnetic field along-fitena andout
of-plane direction of the ribbon, respectively. Coercivity is an extrinsic property, which
can further be reduced by microstructwegineering with small doping element and heat
treatment. Considering the importance of rapid publication of this important finding, we
can report a detailed study on microstructure engineering for coercivity reduction in future

publications.
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—— in-plane
—— out-of-plane

Figure 7.2: The magnetic properties of the Minnealloy sample. The hysteresis loop of the
mi xed phase -BaNdpdl@ n dFée Phase tkmonstrated a saturation flux
density of 2.47 T with 197 A/m along theptane direction oftte foil. The coercivity in

both directiors is zoomedin the inset.

7.4. Discussion

7.4.1 Magnetic anisotropy of Minnealloy

The magnetic anisotropy was calculated based on the law of approach to saturation (LAST)

stated in the equation 7.854]:
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