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Abstract 
Permanent magnets are one of the most important building blocks of motors, generators, 

sensors, hard disks and more. High-energy product permanent magnets contain a 

significant amount of rare-earth elements. The extraction process of rare-earths are 

expensive and energy intensive, and also hazardous for human health and the environment. 

Moreover, supply chain issues of the rare-earths added instability in the permanent magnet 

market. 

Additionally, we are observing an increased demand for permanent magnets in past couple 

of years because of the increase in vehicle electrification, and increasing demand for 

renewable energy sources. In these regards, there is a necessity to produce a rare-earth-free 

permanent magnet to reduce the detrimental effect on human health and the environment 

and have a stable supply chain. A promising rare-earth-free permanent magnet should 

possess a high remanent magnetic flux density (Br), a large coercivity (Hc), and 

consequently, a large energy product ((BH)max).  Ŭǌ-Fe16N2 has been emerging as one of 

the promising candidates because of its large magnetocrystalline anisotropy of 

1.8x107 erg/cm3 and high saturation flux density of 2.6-2.9 T and the abundant availability 

of iron and nitrogen on the earth.  

In this dissertation, a method was demonstrated of fabricating Ŭǌ-Fe16N2 ribbons with an 

optimized microstructure to obtain high coercivity. We developed a coercivity model based 

on the microstructure analysis and refined the microstructure using a different alloy system. 

We have designed a new alloy based on B and Cu doped into the Fe to obtain the suitable 

microstructure for high coercivity, hence high-energy product. The alloy design and 
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development have been analyzed using a scanning electron microscope, and x-ray 

diffraction. 

The solid-state phase transformations are the key to forming the thermodynamically 

metastable martensitic FeN phases, such as Ŭǋ-Fe8N and Ŭǌ-Fe16N2. In this dissertation, we 

demonstrated nitrogen diffusion kinetics in the Cu and B doped Fe and found that the N 

diffusion coefficient is two magnitudes lower in the FeCuB matrix than the undoped 

nanocrystalline Fe. We also found the activation energy for N diffusion in FeCuB matrix 

as of 76 kJ/mol. The activation energy is important to understand the iron nitride phases in 

the Cu and B doped Fe. The martensitic phase transformation of FeN was also studied and 

optimized to obtain the Ŭǌ-Fe16N2 phase. The change in microstructure due to solid-state 

phase transformations was also analyzed to understand the N and other alloying elementôs 

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

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

compound, Minnealloy, with an ultra-high saturation magnetization of 2.8±0.15 T, which 

is 27% higher than pure iron, and almost five times higher than Ferrite, the most used soft 

magnetic material. High saturation flux density will 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 in the 1400s in their compass to find out their way of discovering 

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

of electromagnetic motors, which was refined by Henry by using a term óself-induction,ô 

and finally more refined in by developing principles of electricity and magnetism relation 

and underlying thermodynamics by Max Clerk. Later, Nicola Tesla, the ófather of modern 

electromagnetism,ô showed the world how magnetics could be unutilized in running a DC 

induction motor using Faradayôs law of induction. Fast forward in the future, magnetics 

advanced us to find a suitable recording media storing billions of documents over the years, 

see the core of our brain using Magnetic Resonance Imaging (MRI), run generators and 

motor in all kind of modern devices, and machines, which technically runs our civilizat ion, 

detect critical things using magnetic sensors, and many more. The magnetic materials 

market is of $35 B in 2017, which has a compound annual growth rate of 8.2% [1]. With 

the fast progress in the electrification 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 magnets got tremendous attention last five years, and funding for 

improved magnets are getting higher each year. 
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1.1. Basic of magnetism 

1.1.1. Magnetic dipoles and magnetic force lines 

Magnets are indispensable parts of modern technological systems. The systems use 

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 any kind of electrostatic charges. Magnetic forces are generally 

indicated with lines of magnetic field, which is confined within a range from the source of 

the field. Figure 1.1 shows the magnetic field lines of a magnet. 

 

Figure 1. 1: Magnetic field lines around a bar magnet [2] 

 

Magnetic dipoles are the result meant energy minimization by creating two poles in a 

magnet. The two poles are named as south and north pole because the magnetic field always 
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travels from north to south on the earth. Within the magnetic field, a torque is generated 

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

1.1.2. The magnetic moment of a material 

The magnetic moment is material is created by resultant of two phenomenon- i) the orbital 

motion of electrons around the nucleus and, ii) the spin of electrons around own axis. An 

electron can be considered as a tiny magnet. The motion of an electron around the orbit can 

be considered as charge moving around a circular path. The electrons act like 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, creating óupô and ódownô spin due to the moment created along the axis of 

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

magnetic moments. 

 

Figure 1. 2: The magnetic moment as designated by an arrow, and the source of magnetic 

moments in (a) and (b) [2] 

1.1.3. Magnetic field 

The external field, H, of a magnetic field around a magnet induced by electric current, can 

be written as of: 
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(
.)

Ì
 

N is the no of the turn of the conductor; I is the current and l is the length of the conductor. 

Figure 1.3 shows the induced magnetic field due to the flow of electricity through the wires. 

The magnetic induction or the magnetic flux density, B, y is the magnitude of the strength 

of the internal field within the material subjected to field H. The mathematical expression 

of B relating to H can write as: 

" ʈ( 

ɛ is the permeability of the magnet, which depends on the medium and material, 

determined by ratio the magnetic induction to the magnetic field. 

 

Figure 1. 3: The magnetic flux induction in a material due to external field [2] 

 

In a ferromagnetic material, the magnetic spins tend to align themselves with the external 

magnetic field. Thus, the overall magnetic induction comes from two sources such as 
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external field and self-induction due to the magnetization of the material, M. The magnetic 

flux density can be expressed as follows: [3] 

" ʈ( ʈ- 

1.1.4. Ferromagnetism, domains and hysteresis loop 

Ferromagnets are the types of materials, which have a remanent magnetic moment in the 

absence of external magnetic moments. In ferromagnet materials, the coupling interaction 

between atoms results in the net magnetic moment without any external field. The coupling 

interaction between atoms arises from the specific electronic structures. The spin alignment 

exists over a region called magnetic domains. 

 

Figure 1. 4: The magnetic alignment in a Ferromagnet, at H=0. The resultant magnetic 

moment at zero fields is called the remanent magnetic moment [2] 

Magnetic domains of a ferromagnet are shown in figure 1.5. Magnetic domains are the 

small regions where all the magnetic spins are directed towards the same direction. Each 

region is called a domain and is magnetized to its saturation magnetization. In a 
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polycrystalline sample, there might be multiple magnetic domains inside one crystalline 

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

 

Figure 1. 5: The areas of unidirectional moments or domains [2] 

 

The change of direction from one domain to another is not abrupt; it happens 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 

intermediate area called ódomain wall.ô The magnetization of a material is a weighted 

average of the magnetization of each domain. 
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Figure 1. 6: The domain wall in between the domains [2] 

 

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 phenomenon is shown in 

figure 7, where the magnetic domain wall is moving, and also the material is experiencing 

a change in magnetization. The change of B with H is not linear; it depends on the 

permeability, ɛ of the material. Initially, the magnetic flux density of the 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 which are not aligned to the external field, shown in V to X in figure 1.7. The 

position Y in the graph shows the magnetic domain is unidirectional and finally reaches to 

maximum saturation magnetization in point Z. After that point, the magnetization becomes 

independent of the applied field, and saturation flux density no longer increases. 
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Figure 1. 7: The motion of the domain wall and its relation to B-H graph [2] 

 

The ferromagnetic materials show a hysteresis behavior while characterizing B-H or M-H 

graph. Figure 1.8 shows the hysteresis loop of the ferromagnetic materials. The blue dotted 

curve reached the saturation flux density, Bs or Ms shown as point S in figure 1.8. If the 

magnetic field is reversed from that point, at zero fields, there is still magnetic moment 

remained in the material. That point is designated as R, which is called remanent 

magnetization Br or the remanent flux density, Mr. If we continue applying a magnetic field 

in the reverse direction, the magnetic domains become completely random, which results 

in zero magnetic moment. The magnetic field requires for complete demagnetization of the 

ferromagnetic materials is called coercivity, Hc (point C). By applying a continued reverse 
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field, we would reach the maximum magnetization and would again apply a magnetic field 

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

 

Figure 1. 8: The hysteresis behavior of the ferromagnetic materials [2] 

 

1.1.5. Magnetocrystalline anisotropy 

Magnetocrystalline anisotropy is the directional nature of the magnetic crystalline 

structure. Along certain direction of the crystalline material, the magnetic materials are 

easy to magnetize, which is called óeasy axisô; and along certain directions of the crystalline 

magnets, the is hard to magnetize the material, which is called the óhard axis. Figure 1.9 

shows the M-H loop of the single crystal Fe and Ni samples, where the magnetic field is 

applied in [100], [110] and [111] direction. For body-centered Cubic (BCC) Fe, the easy 

axis was [100], and the hard axis was [111]; whereas for the face-centered cubic (FCC) Ni 

is completely reversed. 
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Figure 1. 9: The effect of the magnetocrystalline anisotropy on the hysteresis loop of Fe 

and Ni along different direction [2] 

1.2. Soft and hard magnetic materials 

Soft and hard magnetic materials are very important materials for the power generators, 

motors, power conversions, and sensors. 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 need a higher magnetic field to demagnetize, that is the 

reason why they are called magnetically ñhard.ò Hard magnets are used in the synchronous 

motors and generators, hard disc recording media, loudspeakers, consumer electronics and 

more. 

On the other side, soft magnetic materials have low coercivity and high permeability. 

Because of the high permeability, soft magnets can reach saturation flux density, B at the 

small external field, H. Moreover, the low coercivity of the soft magnet enables them to 
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reduce the energy loss due to the hysteresis of the magnetic profile. 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 magnets are used in transformer cores, motor cores, 

inductors, medical devices, consumer electronics and writer heads in hard disk drives. 

 

Figure 1. 10: The hysteresis loop of a soft magnet and a hard magnet  

 

1.3. In search of a rare -earth-free permanent magnet/hard magnet 

Technologically permanent magnets are very important for the development of the 

synchronous motors and generators, recording media, actuators, and loudspeakers. The 

total market of the permanent magnets is of approximately $16 B in 2017, which is 

expected to grow to $23 B in 2022 [1]. The increased demand for permanent magnets is 

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

products. The motors used in electric vehicles,  



12 
 

Permanent magnets are used in the defense and space applications, power plants, 

automobiles, aerospace and marine applications, hard disc recording media, and more. The 

figure of merit a permanent magnet is the energy product of (BH) max. The (BH)max of a 

magnet is the maximum product of B and H in the second quadrant of the B-H loop. The 

demagnetization curve of the magnet starts in the first quadrant, and the complete 

demagnetization occurs in the second quadrant.  

Thus, the (BH)max is measured in the second quadrant. Figure 1.11 shows the hysteresis 

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

 

Figure 1. 11: The energy product, (BH)max of the permanent magnets 

 

The use of permanent magnets date backs to the Song dynasty in between 300 and 200 BC 

by Chinese merchants used Loadstone for the compass. The modern use of permanent 

magnets started in the early 1900s when the fabrication of synthetic permanent magnets 
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from tungsten steel. The discovery of Ba and Sr Ferrites led to a cheaper adoption of 

permanent magnets. The discovery of AlNiCo came with a big breakthrough in the 1930s, 

which came up with twice energy product than Ferrites [4]. AlNiCo is an alloy with FeCo 

needles embedded in the AlN i matrix [5]. The directional growth of FeCo needles helps 

AlNiCo obtain high shape anisotropy to have high coercivity, consequently high-energy 

product. The biggest breakthrough in the use of permanent magnets came in the 1960s after 

the discovery of SmCo5 magnets [6]. The SmCo5 magnets almost doubled the energy 

product of permanent magnets by 1970s, and it led to the increased use of permanent 

magnets because of the opportunity to reduce machine size with similar efficiency and 

price range. However, a crisis in the Co supply chain due to civil war at Congo caused a 

search in a replacement magnet free of Co. General Motors and Summito Inc. both 

independently came up with NdFeB alloy with ultra-high coercivity and high energy 

product in 1984 [7ï9]. A relentless effort to in improving the material properties has been 

done in last 40 years. Thus, we obtained an energy product of 56 MGOe with NdFeB 

magnets [10], almost 90% of its predicted values [11]. However, NdFeB had a low Curie 

temperature and was needed to be engineered to obtain high thermal stability. The use of 

heavy rare earth such as Dy increased the operating temperature of the NdFeB magnets up 

to 200  C [12,13].  

Figure 1.12 shows the energy product vs. the price and the market share of the currently 

available permanent magnets. SmCo magnets are high priced magnets with a medium level 

of energy product, however, has an operating temperature up to 300  C. Thus, SmCo 

magnets are more suitable for high-temperature applications, which limited their market 

penetration only slightly above 2%. The Alnico magnets have an energy product of 5-7 
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MGOe and can be operated up to 550  C. Alnico has niche applications in high-temperature 

applications, which has a market share of little below 2%. The majority of the market is 

dominated by NdFeB and Ferrite magnets. Sintered NdFeB has the highest available 

energy product among all magnets, and has the highest market share of 47.5%. The more 

expensive NdFeB magnets are bonded magnets, which are produced from melt spun 

NdFeB foils. The bonded NdFeB magnets have niche applications where complex shapes 

are required. The cheapest available magnet is the mostly used Ferrite magnets. Ferrite 

magnets had an energy product of 3-5 MGOe and used in most low energy motors, 

generators and power applications. 

 

Figure 1. 12: Energy product vs. price of the available permanent magnets and the market 
share of the magnets [1]   

 

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 per its price. Hard ferrite magnets show a 
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great performance per price. However, performance is in the low end. As discussed in the 

prior paragraph, a magnet in between hard ferrite and the sintered NdFeB is missing, and 

next-generation magnets should fill 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 need six times bigger hard ferrites than the sintered NdFeB 

for the same performance. The analytical solution for size is done using the fundamental 

equations of Maxwell, Henryôs and relevant magnetics. We can find the volume of a 

magnet,Vm for inducing magnetic flux, Bg in an airgap volume Vg: 

6
" 6

ʈ "(
 

 

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 rare-earth-based permanent magnets are in the forefront of the technological 

advancements. For example, the cheaper EV from Tesla, Model 3, started using permanent 
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magnet based motors instead of an induction motor because of potential to reduce machine 

size by one third and 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 

deep-sea gas drill.  

The crisis of the rare-earth magnets is multifaceted. Firstly, the supply chain of the rare-

earths is limited to only two countries of the world China and Australia, where China 

controls 79% of the total supply chain of the rare-earths. 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. 

 

Figure 1. 14: The supply chain of the rare-earths are controlled by China most and in 
some part, Australia [14] 
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The second challenge of the rare-earths is that the price of metals such as Nd and Dy is not 

stable. In mid-2011 to late 2012, the price of the two most important rare-earths- Nd and 

Dy skyrocketed. The price of Nd and Dy raw material is shown in figure 1.15(a).  

Moreover, the price of high energy product NdFeB is high priced than other non-rare earth 

magnets such as AlNiCo and hard ferrites. Figure 1.15(b) shows the pricing of the NdFeB 

magnets relative to other magnets such as SmCo and AlNiCo. 

 

 

 

Figure 1. 15: The price of rare-earths- Nd and Dy, b) Price of high-energy product NdFeB  

and other magnets 

Thirdly, the rare-earth extraction process is hazardous for human health and the 

environment. The extraction process of the rare-earths involves using toxic and hazardous 

acids and solutions. These solutions have a detrimental effect on the environment, marine 

life and human health. Moreover, the radioactive materials and other rare-earths are not 

separated until a certain stage of the extraction process, which poses health issues to the 

employees and people living in the vicinity of the extraction site.  
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1.3.2. Next generation rare-earth free-permanent magnets 

The issues of the supply chain, use of hazardous chemical solutions in the extraction 

process and the threat coming from radioactive separation process while extracting added 

up to the reason to find a magnet without any rare-earth element. There has been a 

considerable effort worldwide in developing a rare-earth-free magnet using different Fe, 

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

for rare-earth-free magnets. 

 

 

 

Table 1. 1: The magnetic properties of rare -earth-free magnets 
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*Theoretical (BH)max was calculated was using the formula (BH)max= Br
2/4 [Br=Bs, Bs= 

4ˊMs] 

 

The potential of Ŭǌ-Fe16N2 for becoming a rare-earth-free magnet is higher than any other 

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

(BH)max of the rare-earth-free alloys and compounds. Ŭǌ-Fe16N2 has by far have the 

maximum theoretical energy product than other alloys of compounds. The reason for such 

high-energy product is the combination of ultra-high saturation magnetization of 2070 
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emu/cm3 and magnetocrystalline anisotropy of 18 Merg/cm3. The saturation magnetization 

of Ŭǌ-Fe16N2 is more than three times than Mn-alloys and compounds and almost three 

times than FeNi alloy.  
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Figure 1. 16: The maximum theoretical energy product, (BH)max of rare-earth-free alloys 

and compounds 

Figure 1.17 shows a more clear comparison between the different alloys and compounds 

as a potential candidate for a rare-earth-free magnet. MnBi, MnAl, and FeNi magnets have 

moderate performance potential. However, MnBi and FeNi would cost moderately higher 

than Ŭǌ-Fe16N2. 
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Mn2Ga and Co3C is a very expensive relative to other alloys, specially relative to Fe16N2. 

Fe16N2 has a moderate performance and is relatively cheaper than any other alloys and 

compounds on the list. More importantly, due to the high saturation magnetization and 

high-energy product, (BH)max. Fe16N2 magnets would be smaller when compared to other 

alloys and compounds for producing equivalent magnetic field. This advantage of Fe16N2 

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

renewable energy applications. 

 

Figure 1. 17: The comparison between different rare-earth-free magnets based on price, 
size for producing similar magnetic field, (BH)max, Ms, and anisotropy field, Hk 

*The values are normalized on a scale from 1 to 5 

**Price of the magnet is only the raw materials cost 
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Chapter 2: Rare-earth-free permanent 

magnets from Ŭǌ-Fe16N2 

 

In chapter 1, we have discussed the potential of Ŭǌ-Fe16N2 for being a source of a rare-

earth-free magnet. Since the discovery of Ŭǌ-Fe16N2 phase in the 1950s and discovery of 

superior magnetic properties of Ŭǌ-Fe16N2 in 1972, hundreds of publication surfaced the 

scientific journal. In this chapter, I will discuss the Ŭǌ-Fe16N2 phase thermodynamics, 

crystallinity, structure and state-of-the-art of the Ŭǌ-Fe16N2 research. 

2.1. The Fe-N phase diagram 

The Fe-N phase diagram shown in figure 2.1. With the increase in the concentration of 

nitrogen and the temperature, the compounds of iron nitride are evolved. When the nitrogen 

atoms are diffused in the iron lattice, the iron nitride compounds such as Ů-Fe3N, ɔǋ-Fe4N, 

ɔ-FeN (N= 0-10.3 at%) and Fe2N.  

The atomic composition of the Ŭǌ-Fe16N2 is 11.1 at% N and balance Fe. The maximum 

solubility of nitrogen in Ŭ-Fe is 0.42 at% N at 592  C. Below 592  C, the nitrogen solubility 

deceases in Ŭ-Fe and is only 0.03 at% at 214  C. The ɔ phase of iron nitride compound 

started to form when the N saturates in Ŭ-Fe at 592  C. Between 592  C and 650  C, two 

phases co-existðɔ-FeN and ɔǋ-Fe4N. Above 680  C, the ɔǋ-phase is decomposed into ɔ-

phase, where N atoms are randomly distributed in the octahedral voids. The crystalline 

structure of ɔ-phase is faced center cubic, same as of ɔǋ-phase.  
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Figure 2. 1: Fe-N phase diagram demonstrates that Ŭǌ-Fe16N2 is stable below 200 C. 

Above 592 C, the ɔǋ-Fe4N phase is stable [23] 

The formation of the Ŭǋ-Fe8N structure, the precursor of Ŭǌ-Fe16N2, is controlled by 

quenching of the ɔ-FeN structure. ɔ-FeN has a face-centered cubic structure (FCC), which 

tends to become face-centered cubic structure (BCC) upon rapid quenching. However, N 

atoms donôt get enough time to move, which create a distorted body center tetragonal 

(BCT) crystal structure. The mechanism of transformation of the FCC to BCT is discussed 

more in section 1.3.1. The formation of Ŭǌ-Fe16N2 from Ŭǋ-Fe8N is done by ordering the 

randomly distributed N atoms in the only type of octahedral voids. 

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

composition. The formation of ɔ-Fe4N1-x from bcc Fe was accompanied by nitriding 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 of Fe16N2 and Fe4N 

2.2. Crystal structure of Fe-N compounds 

The crystal structures of Fe, ɔ-FeN, and ɔǋ-Fe4N is shown in figure 2.3. The Ŭ-Fe has a 

body center cubic (BCC) crystal structure. The ɔ phase has a face center cubic (FCC) 

crystal structure, where nitrogen atoms are randomly distributed in one of the octahedral 

positions in the iron lattice. The crystal structure of the ɔ-FeN is shown in figure 7. The 

nitrogen atoms are randomly distributed in Fe lattice and occupy 1/10th octahedral voids. 

The Octahedral void is also shown in figure 2.3. Six Fe atoms connect between each other 
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to create an octahedral void. ɔǋ-Fe4N has a face center cubic crystal structure with a lattice 

parameter of 3.79 Å. The N atoms sit in the (1/2,1/2,1/2) lattice position in the Fe lattice 

structure. N atoms always sit in an orderly manner in the octahedral void as specified in 

figure 2.3. 

 

Figure 2. 3: The crystal structure of Ŭ-Fe, ɔ-Fe4N1-x or ɔ-FeN, ɔǋ-Fe4N and the octahedral 

void in the FCC FeN lattice 

Ŭǌ-Fe16N2 has a body center tetragonal crystal structure with atoms occupying positions of 

space group I4/mmm [23,24]. The unit cell is composed of two nitrogen atoms and sixteen 

iron atoms which dimensions of a=5.72 Å, c= 6.29 Å, and c/a=1.1. There three types of Fe 
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atoms according to the distance from N atom named as 4e, 8h, and 4d (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 Fe 4e atoms create the octahedral void.Ŭǋ-Fe8N also has a body-centered tetragonal 

crystal structure, where nitrogen atoms are randomly distributed.  Figure 2.4 shows the 

crystal structure of Ŭǌ-Fe16N2 and octahedral void within it. 

 

  

Figure 2. 4: Crystal structure of Ŭǌ-Fe16N2.The blue, green, red and violet atoms are 4e, 

8h, and 4d 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.  



27 
 

2.3. Phase transformations of Fe-N 

The fabrication of FeN involves multiple solid-state phase transformations. Figure 2.5 

shows the solid-state phase transformations in the martensitic phase transformations. 

Firstly, the body center cubic Fe is nitrided, and the ɔǋ-Fe4N is obtained. The nitrogen atoms 

can diffuse in the iron lattice and obtain the interstitial position. The ɔǋ phase is then 

transformed to the ɔ phase to facilitate the martensitic phase transformation. ɔ phase is then 

transformed to Ŭǋ-Fe8N phase, which is a body center tetragonal crystal structure. Finally, 

the Ŭǋ-Fe8N phase is transformed to Ŭǌ-Fe16N2 phase. 

 

Figure 2. 5: The solid-state phase transformations in the FeN compounds to obtain Ŭǌ-

Fe16N2 

2.3.1. Gas nitriding of the Ŭ-Fe 

Nitriding of the Ŭ-Fe is a diffusional solid-state 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, NH3, and Hydrogen, H2 is 

used for producing active nitrogen to be diffused into the iron lattice. Ammonia is 
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decomposed to N2 and H2 as following, where N2 atoms decomposed into N molecule and 

diffuse into the metal surface: 

  

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

The combinations two equations 2.1a and 2.1b, would result in the following reaction: 

 

Equation 2.1b implies that- 

ρ
ςʈ ȟ ʈȟ (Equation 2.3) 

ʈ ȟ and ʈȟ are the chemical potential of nitrogen in the gas environment and the solid 

media, respectively. Considering the gas as ideal or having he constant fugacity, we would 

find the following: 

ρ
ςʈ ȟ

ρ
ς24 ÌÎ ʈȟ

ρ
ς24ÌÎÁȟ  (Equation 2.4) 

ʈ ȟ and  ʈȟ  is the chemical potential in the reference state (298K, atm), 0 is the 

nitrogen partial pressure of nitrogen gas in equation 2.1a and 2.1b, Ð  is the  nitrogen 

pressure in the reference state, and Áȟ is the activity of nitrogen in the solid media. The 

reference state chemical potential of nitrogen is same: 

ρ
ςʈ ȟ ʈȟ (Equation 2.5) 
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Thus, the activity of the nitrogen atom in solid media can be written as: 

 Áȟ  (Equation 2.6) 

If k is the equilibrium constant of equation 2.1a and 2.1b: 

ËȢ

Ⱦ
Ȣ
Ⱦ

Ȣ
 (Equation 2.7) 

ËȢ
ȟȢ

Ⱦ

Ȣ
 (Equation 2.8) 

Thus, activity constant can be written as: 

Áȟ ËȢ ȢÐȢÒ ËȢȢÐȢÒ  (Equation 2.9) 

Ò is the nitriding potential for the gas nitriding reaction: 

Ò Ⱦ   (Equation 2.10) 

Lehrer first reported the effect of the NH3/H2 ratio or the nitriding potential on the 

fabrication of different iron nitride compounds. Figure 2.6 shows that the interface of 

crystalline phases with different NH3 vol% at different temperatures. The ɔᾳ phase formed 

with the increase of nitrogen composition. The ɔᾳ can purely be fabricated up to 675°C with 

15 vol% NH3. The increase in NH3 vol% is compensated by reducing temperature to obtain 

a pure ɔᾳ phase. Ů-phase is evolved with the increase in temperature and NH3 vol%.  
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Figure 2. 6: Lehrer diagram ï stable iron nitride compounds with different NH3 vol% at 

different temperatures [25] 

2.3.2. Martensitic phase transformation 

Martensitic phase transformation occurs while face-centered cubic structure tends to 

transform into the body-centered cubic structure. Due to a rapid quenching process, the 

transformation is accompanied by shear deformation along habit plane and dilation along 

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 dilation occurs along the z plane. This phenomenon is first described by 



31 
 

Bain in 1924, which is termed as Bain path or ñthe phenomenological theory of martensite 

crystallographyò [26].         

 

Figure 2. 7:  Schematic diagram of FCC to BCT transformation proposed by Bain [26]. 

BCT structure is formed from FCC by shearing along diagonal and dilation along the 

longitudinal direction. 

Formation of Ŭᾳ-Fe8N is controlled by the undercooling of austenite below martensite 

forming temperature, Ms. Below this temperature, Ŭᾳ-Fe8N will begin to form and the whole 

ɔ-FeN becomes Ŭᾳ-Fe8N at martensite end temperature, Mf.  The driving for the formation 

of the Ŭᾳ-Fe8N nucleus from ɔ-FeN can be expressed with the following equation: 

Ў'  Ў(    (Equation 2.11)                                               

æGɔ-Ŭᾳ and  æHɔ-Ŭᾳ are changes in Gibbs free energy and enthalpy of phase transformation, 

respectively; T0 and Ms are the temperatures of the cooling medium and Ŭᾳ-Fe8N formation 

start temperature. The degree of undercooling is the driving force of forming BCT crystal 
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structure. Due to rapid cooling from ɔ-FeN phase, nitrogen canôt diffuse into the desired 

position to form a stable crystal structure. Thus nitrogen atoms are locked in previous 

positions, and diffusionless transformation takes place to form Ŭᾳ-Fe8N. 

The Ŭᾳ-Fe8N formation is accompanied by the change in the size and shape of the crystal 

structure. The shape of crystal structure becomes tetragonal (a= bÍ c) from cubic (a= b= 

c). This change in crystal lattice size and shape is accompanied by a strain in some planes.  

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

volume free energy:  

Ў' !ɾ 6Ў' 6Ў'  (Equation 2.12)                          

A and ɔ are the interface area and energy respectively, æGs and æGv are the Gibbs free 

energy change due to strain and volume change, and V is the change in volume of the 

material.  

By comparing equation (12) and (13), the following relationship can be established,  

Ў(  !ɾ 6Ў' Ў6Ў' (Equation 2.13) 

The interface between ɔ and Ŭǋ phase is very small; the experimental value of interfacial 

energy for martensitic transformation is only 12% of total energy [27]. So the 

transformation to Ŭǋ-Fe8N is controlled by strain energy, which is directly proportional to 

the difference between cooling medium temperature and martensite formation temperature. 
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2.3.3. Order-disorder phase transformation 

Ŭǋ-Fe8N has a body center tetragonal structure cubic crystal with 8:1 stoichiometry. Figure 

2.8 shows three types of octahedral voids in the Fe-N lattice along x,y and z-axis, as also 

shown by Sinclair et.al. for Fe-C solid solution[28]. 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 Ŭǋ-Fe8N, nitrogen atoms are randomly distributed in all three types of 

octahedral voids; thus form a disordered structure. Further annealing or tempering of Ŭǋ-

Fe8N moves the N atoms in ordered octahedral positions and form Ŭǌ-Fe16N2.  

 

Figure 2. 8: Three types of octahedral voids in Fe-N solution  

Zener ordering process predicted that C atoms in Fe-C solutions could be ordered by 

application of temperature and different composition [29]. For the transformation from Ŭǋ-

Fe8N to Ŭǌ-Fe16N2 

This phase transformation is driven by the activation energy of nitrogen atom which is 

controlled by time and temperature of annealing. 

2.4. Magnetic properties of Ŭǌ-Fe16N2 

After the first-time preparation of Ŭǌ-Fe16N2 by KH Jack in 1951 [23], 21 years later Kim 

and Takahashi published about the extensive magnetic property of Ŭǌ-Fe16N2 [30]. Several 
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attempts have been taken after that to prepare Ŭǌ-Fe16N2 thin film by thermal evaporation, 

sputtering [31] [32] [33], molecular beam epitaxy [34] and ion implantation [35][36]. 

Highest saturation flux density, Bs= 2.8-3.0 T (at room temperature) of Ŭǌ-Fe16N2 was 

reported by Y. Sugita et. al. who prepared first ever single crystal of Ŭǌ-Fe16N2 on Fe (001) 

substrate [34].  

The saturation flux density of Ŭǌ-Fe16N2 was a controversial topic because of less 

repeatability and the lack of matching with predicted values. Figure 2.9 shows the 

saturation flux density of  Ŭǌ-Fe16N2 by different reacher groups since the 1970s. The 

sputtered thin films in the 1990s showed very high saturation flux density of 2.8-3.1 T, 

which caused a lot of controversy because of such high saturation flux density. Jian-Ping 

Wang group [19,37] reported the epitaxially grown Ŭǌ-Fe16N2 thin film with ~2.7 T and 

also used a cluster model to explain the ultra-high saturation flux density of Ŭǌ-Fe16N2. The 

powder form of Ŭǌ-Fe16N2 was reported with 2.6-2.9 T in mid-1990s, and since then no 

new research, report has been published with such high saturation flux density in powder 

form. Jiang et. al. first reported a bulk magnet of mm size with a reasonably high saturation 

flux density of 2.56 T [38]. 
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Figure 2. 9: The saturation flux density of  Ŭǌ-Fe16N2 reported by different research 

groups [19,21,24,30,34,35,38ï49]  

*Conversion of saturation magnetization to flux density was done by considering a''-

Fe16N2 density as of 7.45 g/cm3 

Figure 2.10 shows the coercivity of the Ŭǌ-Fe16N2 magnet reported since 2013 by different 

groups around the world. Most of the groups took nanoparticle approach to fabricate Fe16N2 

phase because of the possibility of forming metastable Fe16N2 phase directly via low-

temperature nitriding below 200 C. The coercivity from Ŭǌ-Fe16N2 was obtained as of 800-

2400 [40,44,45]. Jian-Ping Wang group at the University of Minnesota took a holistic 

approach to fabricate Ŭǌ-Fe16N2 in three different approach- a) powder, b) thick film and 
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c) bulk. The Ŭǌ-Fe16N2 powder was prepared with a coercivity of ~900 Oe by using ball 

milling approach [48]. Jiang et.al. demonstrated a 20 MGOe magnet in a 500 nm film form 

prepared by ion implantation approach with a coercivity of ~2000 Oe [21]. Finally, the 

casting approach to produce a bulk magnet directly without the necessity of any further 

scale-up produced an Ŭǌ-Fe16N2 magnet with 1200  Oe [38]. 

 

 

Figure 2. 10: The coercivity of the Ŭǌ-Fe16N2 in different forms reported by different 

research groups [21,38,40,44,45,48,50] 
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2.9. The purity  of Ŭǌ-Fe16N2 phases in fabricated samples 

Several other groups reported the phase purity of Ŭǌ-Fe16N2 film on different substrate up 

to 36% [31], 78% [32], 55% [33] with a mixture of Ŭǋ and Ŭ phase. Ion implantation on 

different substrates produced maximum 35% Ŭǌ-Fe16N2 [35] [36] . The purity of Ŭǌ-Fe16N2 

went up in recent years by improved nitriding process at low temperatures below 200°C. 

Ogi et. al. reported synthesis of 99.3 wt% Ŭǌ-Fe16N2 nanoparticles [40], shown in figure 

2.11. 

 

Figure 2. 11: The X-ray diffraction pattern of the nanoparticles prepared by low-

temperature nitriding (left); the scanning electron microscopy of the Ŭǌ-Fe16N2 particles 

(right) [40] 
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The synthesis of micron-sized Ŭǌ-Fe16N2 powder was reported to have a maximum phase 

purity of 56 vol% [41]. The synthesis of bulk Ŭǌ-Fe16N2 in wire reported by Jiang et.al. 

with a phase purity of 37 vol% [38].  

Ŭǌ-Fe16N2 is a thermodynamically metastable phase. Thus the synthesis of a pure Ŭǌ-Fe16N2 

is challenging. Controlling the martensitic phase transformation in the bulk Ŭǌ-Fe16N2 

samples seems more challenging, because of two conflicting reasons-a) the metastable 

BCT phase is hard to form with increase N 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 temperature also seems unusable because above 700 , 

the N atoms tens to form N2 molecules inside the lattice and completely decompose the Fe-

N phases. Thirdly, the Ŭǌ-Fe16N2 is an ordered BCT phase, which requires an ordering of 

N atoms in octahedral voids. The  

2.10. Thermal stability of Ŭǌ-Fe16N2 

The thermal stability of the Ŭǌ-Fe16N2 is reported by Dibra et.al. shown in figure 2.12. Ŭǌ-

Fe16N2 start to decompose approximately at 200°C and complete decomposed at ~270°C. 

Ŭǌ-Fe16N2 decomposes into Ŭ -Fe and ɔǋ-Fe4N, shown in figure 15 [51]. 
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Figure 2. 12: The thermal stability of Fe16N2 studied by neutron diffraction [51] 

2.6. The scope of the dissertation 

Ŭǌ-Fe16N2 has shown potential to be a rare-earth-free permanent magnet. The 

development of a 20 MGOe is proof of concept of the potential of scaling up the Ŭǌ-

Fe16N2 magnet into a bulk sample. This dissertation focused on the development of the 

bulk Ŭǌ-Fe16N2 magnet. 

In Chapter 4, a multifaceted approach of fabricating Ŭǌ-Fe16N2 magnet is discussed. The 

bulk ribbons of Ŭǌ-Fe16N2 were prepared using a melt spinning process. The magnetic 

performance of the Ŭǌ-Fe16N2 ribbons are studied concerning the microstructure of the 

magnet, and the correlation is qualitatively analyzed with coercivity model of permanent 

magnets. 
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The microstructure-coercivity 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. The suitable 

microstructure is driven by the first principle of the coercivity mechanism in a 

polycrystalline permanent magnet. The alloy design for obtaining that suitable 

microstructure is demonstrated here. 

The metastability of Ŭǌ-Fe16N2 phase, instability of nitrogen atoms at higher temperatures 

and the partial martensitic phase transformations are biggest challenges to obtain the pure 

phase Ŭǌ-Fe16N2. In chapter 6, we will discuss the kinetics of the nitrogen diffusion in Fe 

alloy and the optimization of the martensitic phase transformation. 

Finally, in chapter 7, we will report of fabricating a new soft magnetic material. The new 

soft magnetic material was accidentally discovered while working on the hard magnets 

based on FeN. We will discuss the unique properties of the 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 alloy ingots and then spinning the 

alloy ribbons. The typical ribbon thickness ranges from 30-100 ɛm with a length of 10-30 

cm. Figure 3.1 shows the schematic diagram of the melt spinning process. An induction 

melting process is used to melt the alloy ingots to melt. In our case Fe alloys were melted 

above 1500  C and the ingots were superheated a slightly above their melting point for a 

certain time to homogenize the heated pool inside the melt. There is a pressure difference 

between the crucible head and the whole chamber on purpose. The pressure difference 

would help to eject the liquid metal upon opening the gas pressure on the crucible head. 

The ejected molten metals are quenched in the water-cooled Cu wheel which rotates at a 

speed of 5-40 m/s, depending on the condition required to make certain alloy or ribbon. 

The cooling speed of the molten metal is approximately 106 k/s with the Cu wheel. The 

molten metal forms thin ribbons as a consequence of rapid quenching. 
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Figure 3. 1: The schematic of the melt spinning system  

3.1.2. Gas nitriding  

Gas nitriding system is a well-established process of developing nitrided phases in the Fe 

alloys such as steel and more. Gas nitriding process is done by mixing ammonia, NH3, 

and H2 gas at elevated temperature. H2  gas is used to control the N concentration of the 

Fe-alloy system, which controls the FeN phases. NH3 decomposes into atomic nitrogen at 

elevated temperature, and the nitrogen atoms were adsorbed in the Fe surface. 

 

 

2NH
3
 N

2
+ 3H

2
 (Equation 3.1) 

N
2
 İ N

2
 (Equation 3.2) 
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The iron nitride phases can be controlled by nitriding temperature, and Ammonia, NH3 

composition. Lehrer [52] first proposed the theoretical thermodynamically stable phases 

with different compositions at a different temperature, shown in figure 3.2.  

 

Figure 3. 2: Lehrer diagram of Fe-N phases [52,53]  

The mechanism of nitriding the iron is schematically shown in figure 3.3, adapted from 

[54]. The  N atoms are adsorbed in the Fe surface, which forms a compound layer of Ů-

Fe3N phase on the surface. The N atom diffuses through the Fe/FeN compound layer to 

form iron nitride phases throughout the sample. 

3.1.3. Stress Assisted-Annealing process 

Stress assisted annealing process is necessary for the ordering the nitrogen atoms in Fe 

lattice. The stress assisted FeN magnet was demonstrated with a 10 MGOe energy 
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product [38]. Yanfeng Jiang designed the stress-annealing device as shown in figure 3.4. 

The device is made tool steel, and the ribbons are attached between two blocks. The 

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

 

Figure 3. 3: The stress-annealing device designed in-house for providing the tensile stress 

to FeN ribbons 

3.2. Materials Characterization Methods 

3.2.1. X-ray Diffraction  (XRD) 

X-ray diffraction is a technique to identify the arrangement of the atoms, or the crystal 

structure of the materials. X-ray is electromagnetic radiation with a wavelength range of 

0.01 to 10 nm. For producing an x-ray, a filament is heated in a cathode tube at high 

voltage, which causes the electron from the filament hit the X-ray source 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 vacancy in the inner shell and thus, the energy is 

radiated as an x-ray to equilibrate the energy. A schematic of the characteristic x-ray 

radiation is shown in figure 3.4. 



45 
 

 

Figure 3. 4: Schematic representation of the x-ray generation 

Figure 3.5 shows the schematic of the x-ray diffraction technique. X-ray is produced by 

hitting a source with a high energy electron, which results in radiating x-ray. The x-ray 

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

The angle between the atomic plane and the detector is ɗ. When a wave of an electron 

with a wave length of ɚ is scattered from the crystal with a lattice spacing of d as shown 

in figure 3.5, the elastic scattering of an electron at angle ɗ will  create a constructive 

diffraction pattern, then the Braggôs law states as follows: 
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Îʇ ςÄÓÉÎʃ (Equation 3.3) 

 

Figure 3. 5: The simple schematic of the x-ray diffraction technique [55] 

In our experiments, we have used a Bruker D8 microdiffractometer with Co radiation 
source. 

 

3.2.2. Vibrating sample magnetometer (VSM) 

Vibrating sample magnetometer (VSM) is an instrument to measure the magnetic 

properties of the materials. The working principle of a VSM lies in the Faradayôs law of 

induction- when the magnetic flux changes in a magnetic field, a voltage is induced in a 

coil. The mathematical expression of the law can be written as follows: 

6  (Equation 3.4) 
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ū is the magnetic flux of the material, and Vinduced is the induced voltage due to a change 

in magnetic flux in a magnetic field. Figure 3.6 shows the schematic diagram of a 

vibrating sample magnetometer. The magnetic field in a VSM is created by using an 

electromagnet. The magnetic sample oscillates in the middle of the magnetic field, which 

means there is a change in magnetic flux in a fixed magnetic field, which 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 

result regarding the magnetic moment of the magnetic materials.  

 

Figure 3. 6: The schematic of a vibrating sample magnetometer 
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For the measurement with a VSM, the ferromagnetic samples are placed in a 

polymer/glass holder in between the electromagnets Methods. The magnetic properties of 

the sample were measured using a Princeton Measurements Vibrating Sample 

Magnetometer (VSM) 3900 series, which has a sensitivity of 510-9 Am2 (5 ɛemu). 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 measurement; the instrument was calibrated using a standard Ni 

sample with the known magnetic moment (44.4 memu), provided by NIST. 

3.2.3. Scanning Electron Microscope 

Scanning electron microscopy (SEM) is an imaging technique to observe the 

microstructure of the metals and alloys. High-energy electrons are produced from a 

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

lens. Finally, the high-energy electrons hit the sample and interact with the sample to 

remove an electron from the sample. The interaction between electron and matter is 

shown in figure 3.7. When high energy electron knocks off an electron from the sample, 

that is called the secondary electron (SE). The maximum depth of SE  

can come from is of 50-500 nm. 
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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 interaction- elastic and inelastic. The 

phenomenon of knocking off an electron or the secondary electron can be termed as the 

inelastic scattering. Elastic scattering of the electron can introduce x-ray radiation and 

backscattered electrons. When an electron is scattered from the volume of the material, it 

has reduced energy, which can detect using a detector. This electron is termed as 

backscattered electrons.  

 

Figure 3. 8: The schematic of the electron matter interaction [57] 



50 
 

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 

ʂ πȢπςυτπȢπρφ:ρȢψφρπ: ψȢσ ρπ: (Equation 3.5) 

ɖ is the backscattering coefficient, and Z is the atomic number. 

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 image was shown. The backscattered electron can reach 1-3 ɛm deep from 

the surface of the sample. On the top right image, the effect of the atomic number on 

increasing the backscattering coefficient is shown, which follows the trend suggested in 

equation 3.5. In the bottom row of the figure 3.10, the distinction between the secondary 

image and backscattered image was shown. The backscattered image shows a clear 

contrast between the different chemical element, where higher Z atoms are brighter 

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 materials [56,58] 

Figure 3.11 shows the schematic diagram of a scanning electron microscope [59]. The 

electrons are accelerated using high voltage through two electromagnetic lens- condenser 

lens and the 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 (SEM) [59] 

Scanning electron microscopy was done using Hitachi SU8230 SEM. The operating 

voltage was 10-15 kV. 

 

3.2.4. Energy dispersive spectroscopy (EDS) 

Energy dispersive spectroscopy is a technique for estimating the composition of the 

materials. When high-energy electrons elastically scatters from the materials, the 

characteristic X-ray is produced as discussed in the section 3.1.1 and figure 3.5. Each 

element produce X-ray 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 X-ray generation from high energy electron impact on 
materials and an example of an EDS spectrum [60] 

3.2.5. Auger electron spectroscopy (AES) 

Auger electron spectroscopy is a technique to semi-quantitatively estimate the 

compositions of the materials. The schematic diagram of the generation of an Auger 

electron is schematically shown in figure 3.13. When high-energy 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, there is an energy release, which 

knocks off another electron from the outermost shell. That electron is called the Auger 

electron. 
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Figure 3. 12: Schematic of the Auger electron emission [61] 

When the Auger electron is emitted from the outermost shell, the kinetic energy of the 

electron of a different chemical element differs, which can be detected using a detector 

and can give information about the chemical compositions. The kinetic energy, Ek, of the 

auger electron can be written as: 

% % % % (Equation 3.6) 

Ecore is the energy of the core, EB and EC are the energies of the first and second outer 

shell. 
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The electrons are accelerated towards the sample using a high voltage, and then the 

Auger electrons are detected using a detector. The intensity of the Auger electrons is then 

quantified to obtain the chemical composition of a material. In our experiments, we have 

used Physical Electronics 670 Auger electron spectroscopy (AES). The analysis was done 

at five kV/5 nA. AES measurement was done after removing one ɛm of the surface 

material via sputtering using Ar gas.   
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Chapter 4: Materials Development: 

Development of Fe16N2 ribbons, cast, and 

powders 

 

The chapter is adapted partially from Md Mehedi et al., MRS Advance, 2016 

In this chapter, I will discuss the materials development methods and strategies I used and 

improvised for obtaining Ŭǌ-Fe16N2. I have discussed the fundamental properties of Fe16N2 

and physics of the material. As mentioned in chapter 2, fabricating a pure Ŭǌ-Fe16N2 is 

quite challenging because of metastability of Ŭǌ-Fe16N2 phase, the decomposition of Ŭǌ-

Fe16N2 above 200  C, the mobility of N atoms leads to thermal decomposition of ɔ-FeN/ 

ɔǋ-Fe4N phase to Fe and N atoms leaving the Fe lattice. These constraints make the Ŭǌ-

Fe16N2 fabrication a challenging job. We have developed a materials development process 

for obtaining Ŭǌ-Fe16N2 ribbon. 

4.1 Introduction 

Ŭǌ-Fe16N2 thin films, powders, nanoparticles and foils by ion-implantation were prepared 

by research groups [19,24,30ï33,35,37ï49,51,62ï66]. The details of the state-of-the-art of 

Ŭǌ-Fe16N2 were discussed in chapter 2, in section 2.5-2.7. After the discovery of ultra-high 

saturation magnetization in Ŭǌ-Fe16N2 in 1972, a huge effort of fabricating a thin film of 

the material was made in the early 1990s until 2000. The ultra-high saturation 
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magnetization of Ŭǌ-Fe16N2 was useful for application in hard disc media. Thus numerous 

research groups worked on developing high saturation magnetization Ŭǌ-Fe16N2 thin film 

using the sputtering and ion implantation technique. There was a controversy whether Ŭǌ-

Fe16N2 has high saturation magnetization because of the less repeatable results and inability 

to first principle physics model to match the high saturation magnetization obtained in 

experimental results. Thus, the topic lost traction in late in the 1990s and was re-ignited 

again in late 2000s when Jian-Ping Wang group started to look for understanding the 

fundamental physics of high saturation magnetization of  Ŭǌ-Fe16N2. Nian Ji et. al. 

explained the high saturation magnetization Ŭǌ-Fe16N2 using the Fe6N cluster model and 

also fabricated an Ŭǌ-Fe16N2 film with 2.68 T [19,43]. The economic and political issues 

with rare-earth elements ignited the necessity to fabricate a permanent magnet without 

using rare-earth elements such as Nd, Dy, Tb, and Sm. As discussed in chapter 2, Ŭǌ-Fe16N2 

is a great candidate for rare-earth-free magnets because of high saturation magnetization 

and high magnetocrystalline anisotropy. Since 2010, several research groups from Japan 

and Germany reported fabricating Ŭǌ-Fe16N2 nanoparticles with coercivity up to 3-4 kOe 

[39,40]. The nanoparticles would need to be compressed in the presence of a 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 reduce the energy product, (BH)max of 

Ŭǌ-Fe16N2 magnets. High-temperature sintering Ŭǌ-Fe16N2 magnet would be very 

challenging because Ŭǌ-Fe16N2 decomposes over 200  C [51]. Thus, there is another 

approach of fabricating bulk Ŭǌ-Fe16N2 magnets directly. However, making a bulk Ŭǌ-

Fe16N2 magnet is challenging because of the limitation of the nitrogen diffusion in the bulk 

samples over few 100-micron thicknesses. Now, this problem can be mitigated by 
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fabricating thin ribbons and then stacked them together to form a few cm size magnet. The 

stack-up can be obtained using a binder, however, the concentration of binder would be 

less than the nanoparticle-based approach because ribbons are already dense in 2 

dimensions and just need to bond in 1 dimension-through the thickness. However, no 

research was ever reported to prepare Ŭǌ-Fe16N2 ribbon. In the early 1990s there was 

research on Ŭǌ-Fe16N2 powder particles [24,46], which also would require using extensive 

use of binders to obtain bulk magnets. Yanfeng Jiang et al. fabricated first ever bulk Ŭǌ-

Fe16N2 magnet with 1.2 kOe coercivity and 10 MGOe energy product by using an 

unconventional nitriding 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 in the iron lattice at a higher temperature. Thus, 

making a thin ribbon below 100-micron 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 routes to fabricate Ŭǌ-Fe16N2 magnets. Nanoparticles and 

powders can be bonded using organic binders to form bulk magnets of cm size or bigger. 

The ribbons would need fewer binders than nano and micro-particles to be bonded to be a 

bulk magnet. 
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Figure 4. 1: The route of fabricating Fe16N2 magnet into a 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 discussed in chapter 2 that Ŭǌ-Fe16N2 phase can be obtained via a phase 

transformation from Ŭǋ-Fe8N, where Ŭǋ-Fe8N can be transformed from ɔǋ-Fe4N to Ŭǋ-Fe8N 

through another phase transformation process. For sintering experiment, we used FexN 

(x=3-4) powder from Goodfellow with 99.99% purity. The powder was a mixture of Fe3N 

and Fe4N phases based on x-ray diffraction as shown in figure 2. The raw powder has 50 

vol% of Fe3N and 50 vol% of Fe4N. The raw powder was sintered at 700  C temperature 

for 60-240 seconds. The idea was to sinter the FexN powder into bulk at a higher 

temperature. Figure 4.2 shows the effect of sintering at 500  C at different times. We found 
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that the Fe4N and Fe3N phase decomposes with more sintering time and completely 

decomposed after 240 seconds of sintering. 
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Figure 4. 2: X-ray diffraction of the sintered FexN (x=3-4) powder at 700  C for 60-240 

seconds 

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

The raw FexN powder started was sintered for 12 seconds from 400  to 700  C. The Fe4N 

and Fe3N started to decompose with higher temperature sintering. In the right panel of 



61 
 

figure 3 shows that the Fe4N phase decomposed after 600  C sintering. The Fe3N phase 

decomposes after sintering at 700  C. The decomposition happens because of the nitrogen 

atoms mobility and N atoms form molecule at a higher temperature and left the Fe lattice.  

 

Figure 4. 3: X-ray diffraction of the sintered FeN powder (left), and the vol% of the 

phases based on the x-ray 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. Urea (NH2-

CO-NH2) decomposes to NH3 above 180  C. NH3 decomposes to active nitrogen atoms to 

be diffused in the iron lattice. 

 

Figure 4.5 shows the method of using urea with a Fe foil. The urea powder can be used in 

two way-i) Fe foil wrapped inside the Urea around, or, ii) urea wrapped inside the Fe foil. 

The process of melting 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 the effect of two methods of 

wrapping on the temperature profile of the samples. When Fe foil is in the middle of the 

urea around, the heating profile shows in the bottom left of figure 4.4. The temperature in 

the middle of the foil can reach 1783 K or 1510  C in just two minutes, whereas when urea 

is in the middle, and Fe foil is wrapped outside, the maximum temperature of the 1114 K 

or 841  C can be found in Fe foil. The main reason for the low temperature in the later case 

is because of the distribution of the eddy current in the sample. The resistivity of the sample 

increases when urea is put in the middle of the wrap because the power density of the eddy 

current is maximum in the middle of the substrate. Since the resistivity of the area part of 

the sample is close to infinity, it kills the overall eddy current distribution coming from the 

Fe foil, and thus the heat profile is less intense than if the metal piece is placed in the 

middle. 
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Figure 4. 4: Thermal profiles of the urea-Fe foil wrapping styles, (left) the Fe foil is in the 

middle of the urea around, ii) the urea is in the middle of the Fe foil around 

Figure 4.5 shows the x-ray diffraction of the ribbon prepared by placing urea on the side 

of the wrap and Fe foil in the middle of the wrap, as shown in figure 4.5 top left image. 

The Fe liquid is nitrided at high temperature and then rapidly quenched to room 

temperature at a speed of 106 K/s. We found the existence of iron phases such as Fe4N, 

Fe3N and BCT Fe8N.  
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Figure 4. 5: X-ray diffraction of the FeN ribbon prepared using Urea as a precursor 

4.4 FeN ribbon using FexN powder precursor 

We have prepared FeN ribbon using another approach where iron nitride powder was used 

as a precursor. The Ŭǌ-Fe16N2 foil was prepared using Iron Nitride powder (99.99% Fisher 

Scientific) and pure Fe foil (99.99% Goodfellow). The Iron Nitride powder contained 60% 

wt Fe4N, and 40% wt Fe3N. 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 powder was then melted with 

the Fe foil with inductive heating and quenched rapidly by using a Cu wheel in a melt 

spinning system. The spun out foils were then fixed in a fixture, and a tensile force was 

applied along the long axis direction to obtain texturing in the grains and were annealed at 

200°C in a tube furnace with the N2 flow. The chemical and phase composition of the 
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sample was characterized by an Auger Electron Spectroscope- Physical Electronics 

Model 545 and an X-ray diffraction system Bruker D8 Discover 2D, respectively. The 

microstructure of the foil was characterized by a Field Emission Gun Scanning Electron 

Microscope (Hitachi SU8230).  

4.4.1. Physical, chemical and magnetic properties of FeN ribbons 

The Ŭǌ-Fe16N2 ribbons collected after melt spinning process were homogenous in size and 

shape distribution with a thickness of 30-50 ɛm. The FeN ribbons are shown in figure 4.6. 

 

Figure 4. 6: The FeN ribbons prepared by using FexN powders as a precursor 

The crystal structure and phase composition were measured by using x-ray diffraction. 

Figure 4.7 (a) shows the x-ray diffraction of the foil. The unique peak for Ŭǌ-Fe16N2 from 

(301) plane was found. The (220) and (400) peaks of Ŭǌ-Fe16N2 shared the intensity with 

Fe (110) and Fe (200), respectively. The phase composition was calculated based on X-ray 

diffraction spectrum, and we found that the foil contains a 40 vol% Ŭǌ-Fe16N2 phase. The 

chemical composition of the Ŭǌ-Fe16N2 foil was then measured by using Auger electron 

spectroscopy (AES). The chemical composition measurement result is shown in 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 Ŭǌ-Fe16N2 phase; however, is enough for obtaining the phase with considerable purity. 

 

Figure 4. 7: (a) X-ray diffraction of melt spun FeN foil with Ŭǌ-Fe16N2 phase. The X-ray 

diffraction shows the peaks from Ŭǌ-Fe16N2 planes, (b) the composition of the Fe-N foil 

measured by Auger Electron Spectroscopy 

Figure 4.8 shows the magnetic properties of Ŭǌ-Fe16N2 foil measured by a vibrating sample 

magnetometer (VSM). A large saturation magnetization, 223 emu/g, was found, which is 

17% larger than that of the control iron foil sample. The coercivity of the sample was found 

as 222 Oe, which is ten times lower than that of Fe16N2 particles with single magnetic 

domain structure. Further analysis of the possible origins of this low coercivity follows 

after the microstructure analysis.  
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Figure 4. 8: Magnetic properties of melt-spun FeN foil with Ŭǌ-Fe16N2 phase. The inset 

image shows the total hysteresis loop up to 10 kOe magnetic field 

4.4.2. Microstructural characterization of FeN ribbons 

Figure 4.9 shows the microstructure of the Ŭǌ-Fe16N2 foil. The image represents the grain 

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

The grains are well equiaxed with a size of 8Ñ1.76 ɛm.  
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Figure 4. 9: Microstructure of melt spun FeN foil with Ŭǌ-Fe16N2 phase. SEM image was 

taken with backscattered electron (BSE) 

The microstructure of Ŭǌ-Fe16N2 foil was found quite interesting. We found sub-grains 

inside the grains when we zoom inside one grain. Figure 4.10(a) shows the equiaxed Ŭǌ-

Fe16N2 microstructure, where figure 4.10(b) shows the zoomed image of the inside 

structure of the equiaxed structure. The subgrains are not equiaxed; they are of 600±50 nm 

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

the application 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 with Ŭǌ-Fe16N2 phase, and (b) 

the subgrain structure 

4.4.3. Discussion on the microstructure-coercivity relation 

The coercivity of an ideal Ŭǌ-Fe16N2 would be of, ( ρχ Ë/Å, based on Ku= 18 

Merg/cm3, Ms=2070 emu/cm3 [19]. 

The coercivity is mathematically related to microstructure based on the following equation 

[67]: 

Hc= Ŭ(2Ku/ɛ0Ms) - NeffMs     Equation (3) 

Hc, Ku, and Ms are coercivity, magnetocrystalline anisotropy, and saturation magnetization, 

respectively Ŭ is the microstructure factor, and Neff is the demagnetization factor. The 

coercivity is lower than the ideal value for the following reasons- (a) the microstructure 

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

Figure 4.11 also demonstrates the schematic of this equation which is based on 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 equation (3), if Ŭ=1 and Neff=0, then we can find the coercivity value equal to 

the ideal value. However, it is not practical to design a magnet without any demagnetization 

factor. The grain boundary control can reduce the interaction, which can, in turn, reduce 

the Neff and increase the coercivity. The Ŭ value is controlled by grain size, shape and grain 

boundary thickness. That means, if we would have less interaction between grains, smaller 

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

what we have right now. Properly doping with non-magnetic elements into grain 

boundaries could address those challenges.  

4.5. Preparing Fe16N2 ribbon 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 alloys is done in Chapter 

6. Gas nitriding process uses NH3 as the nitriding source [53]. The Fe alloys were prepared 

to obtain the desired microstructure to increase coercivity by doping the grain boundary 
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with non-magnetic composition. As shown in figure 4.12, melting and alloying was done 

with an arc melting system and melted a couple of times to homogenize the composition. 

The  

 

Figure 4. 12: The schematic diagram of the process of fabricating FeN bulk ribbons 

4.6. Summary 

In this chapter, we have demonstrated several processes to fabricate bulk Ŭǌ-Fe16N2 

magnet. The Ŭǌ-Fe16N2 ribbon using FexN (x=3-4) powder was fabricated with a phase 
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purity of 40 vol%. The microstructure of the fabricated Ŭǌ-Fe16N2 ribbon was analyzed, 

and a correlation between the microstructure and coercivity was found using the 

Kronmüller equation for coercivity mechanism of the polycrystalline magnets. We also 

demonstrated the instability of nitrogen atoms during sintering at a higher temperature.  
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Chapter 5: Grain boundary engineering 

for high coercivity Ŭǌ-Fe16N2 magnet 

 

 

The coercivity of a magnet including the proposed Ŭǌ-Fe16N2 magnet is determined by both 

the intrinsic physical parameters like the magnetocrystalline 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.  In this chapter, a grain 

engineering mechanism for the Ŭǌ-Fe16N2 magnet for increasing the coercivity and the 

energy product is demonstrated. The grain structure and the grain boundary was engineered 

with the Cu and B doping in the Fe alloy system. The Cu doping helped in decoupling the 

ferromagnetic FeN grains, and B doping helped in controlling the grain size and thus 

forming nanostructured magnets. 

 5.1. Introduction: 

Permanent magnets are one of the building blocks of motors, generators, and actuators 

[68,69]. Currently, the strongest permanent magnets are made of rare-earth (RE) metals 

[70,9,4,71]. The extraction process of rare-earths is expensive, energy intensive and 

hazardous for the environment and human health [72,73]. The vulnerability of the supply 

chain of the rare-earths also poses risks to manufactures who couldnôt potentially access to 

a major supplier of the rare-earths [74]. Since the discovery of Nd2Fe14B [7,11,8], the 

mostly used commercial permanent magnet, extensive research has been performed to 
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understand its intrinsic physical parameters like magnetocrystalline anisotropy (Ku) and 

saturation magnetization (Ms) and the extrinsic microstructure features like the grain size 

and the shape and the width and type of grain boundaries. [75]. With the given Ku and Ms,  

the microstructure is one of the most important controlling factors to obtaining high 

coercivity thus high energy product permanent magnets [76]. The sintered NdFeB magnets 

have an unique inter-granular non-magnetic phases of Nd and NdOx in the grain boundary 

[77], which helps to obtain high coercivity magnets by separating the ferromagnetic grains 

and acting as domain wall pinning sites [13]. The grain boundary sometimes has a thin 

layer (2-5 nm) of amorphous Nd and NdOx which also helps NdFeB magnets to obtain high 

coercivity [13]. However, since we are trying to replace the rare-earths in permanent 

magnets, a renewed concentration have been posed on making rare-earth-free permanent 

magnets.  

Ŭǌ-Fe16N2  has been a mystery magnetic material for decades, and several key fundamental 

aspects have been addressed recently [19,20]. With much other good research 

[48,21,39,38,40,49], it becomes one of the promising candidates for rare-earth-free 

permanent magnets, because of its high saturation flux density 2.6-2.9 T [65,43,78], and 

high magnetocrystalline anisotropy between 1 

MJ/m3 [65] and 1.8 MJ/m3 [79]. The theoretical value of the maximum energy product of 

Ŭǌ-Fe16N2 is 130 MGOe [20]. Other materials such as L10 FeNi [80], MnBi [81,82] and 

MnAl [83] also have promising magnetic properties. Unalloyed Ŭǌ-Fe16N2 bulk was 

reported with 20 MGOe energy product in free-standing 500 nm foil sample [21] and with 

9 MGOe energy product in stress-annealed 2mm x 9 mm wire sample [38]. However, 
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producing a bulk Fe16N2 magnet with high energy product is yet to deliver, which would 

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

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

magnetization could be written as following [67,84]: 

( ɻȢ( ɼȢ-  (Equation 5.1) 

Where Hc is the coercivity, Ha is the anisotropy field, Ŭ is the microstructure factor, Ms is 

the saturation magnetization, and ɓ is the demagnetization factor evolved from the grains 

of the polycrystalline samples. 

Anisotropy field of a magnet can be expressed as, (  , Where Ku is the 

magnetocrystalline anisotropy. The Ku and Ms of Ŭǌ-Fe16N2 are of 18 Merg/cm3 [79]and 

2133 emu/cm3 [43]. Thus, the anisotropy field of Ŭǌ-Fe16N2  was found as of ~17 kOe. In 

an ideal magnet, the coercivity magnet would be equal to the anisotropy field. However, 

based on equation 1, the coercivity of a polycrystalline sample would be less than ideal 

value because of the microstructure factor, Ŭ  and demagnetization factor, ɓ. 

Figure 5.1 shows the effect of different Ŭ and ɓ on the coercivity of a polycrystalline 

magnet. The increase in microstructure factor, Ŭ would increase the coercivity of the 

magnet. Second, the coercivity decreases with demagnetization factor, ɓ. The 

demagnetization factor increases because of the interaction between ferromagnetic grains 

in the polycrystalline magnets.  
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Figure 5. 1: The coercivity of a magnet Fe16N2 with different Ŭ and ɓ value 

For the polycrystalline Fe16N2 magnet, with the interacting ferromagnetic grains, the 

coercivity reduces linearly. To reduce the demagnetization factor, ɓ due to the interaction 

between ferromagnetic grains, the grain boundary is to be layered with a non-magnetic 

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

the grain boundary.   
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Figure 5. 2: The model for ferromagnetic grain decoupling using a non-magnetic shell 

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

The multi-domain structure could be formed with a relatively strong exchange coupling 

between magnetic grains or simply magnetic grains with large size. The switching 

mechanism will be guided by the domain wall pinning approach [85,86]. The propagation 

of the domain wall can be hindered in the defect sites such as grain boundaries. Magerôs 

1/D law of grain size vs. coercivity states as following, where coercivity linearly increases 

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

[87]: 

( Ð  (Equation 5.2) 

Pc is the dimentionless constant based on crystallinity, Js is the saturation magnetization of 

the material and D is the grain size of the magnet.  
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Based on the above discussion, it is clear that the microstructure is very important for 

obtaining high coercivity for Fe16N2 magnet. A comprehensive approach for engineering 

and controlling 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 obtaining the suitable 

microstructure for a high coercivity magnet.  

Cu is helpful for grain boundary engineering in several ways. First, Cu has a low solubility 

of 0.162 wt% in Fe at 500  C [88]. Cu atoms cluster to form precipitate along the grain 

boundary and help in grain boundary engineering in two ways- i) decoupling of 

ferromagnetic FeN grains by non-magnetic Cu precipitates along the grain boundary and, 

ii) hindering the grain growth using Cu precipitates along the grain boundaries. Second, 

Cu was also proved with much large strength and ductility while in nanometer range [89] 

This is crucial for FeN magnet that may need a stress annealing to enhance the performance 

[38]. Third, Another important design point is that the variation of the solubility of Cu in 

Fe [90] provides the thermal engineering methods to fine-tune the format of Cu from layers 

to large clusters to enable not only single domain magnetization switching mode [91,92]  

but also reversal nucleation mode [86,93]  and domain pinning  mode [94]. 

Boron is helpful to control the grain size, grain boundary, and crystallinity of the alloy [95]. 

For controlling the crystal structure of magnets, Boron (B) is a well-known doping element 

to, such as in NdFeB magnet, which uses up to 9 at% B in the process [9,96,97], where B 

atoms are part of the crystalline structure. Boron is also used in several other known 

magnetic materials such as soft magnetic materials, Metglas and FINEMET, where B is 

used as an element to create the desirable microstructure with fine grain size  [95,98ï100] . 
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In the following sections, we will discuss the method of decoupling the FeN ferromagnetic 

grains using a non-magnetic grain boundary and also controlling the grain size using 

different dopants and heat treatment processes. 

5.2. Experimental methods: 

99.99% Fe foil of 0.125 mm thickness (Goodfellow), 99.5% Cu powder (Sigma-Aldrich),  

and 99.9% Fe2B powder (Sigma Aldrich) was used to prepare the FeCuB ingots. The Fe 

foil of 0.125 mm was cut into a ten cm 10 cm rectangular shape. The mass of the foil 

was measured using the mass balance system with 0.00001g resolution. The Cu and Fe2B 

power were measured to prepare the stoichiometric composition and then was wrapped 

inside the Fe foil. The wrapped pellet was melted by using MTI Arc Melting furnace EQ-

SP-MSM207. The composition homogenization of the FeCuB ingot was obtained by re-

melting the ingot for four times. FeCu, FeB, and FeCuB ingot were then placed inside a 

BN crucible of the Edmund Bühler Melt spinner SC. The system was vacuumed up to 10-

3 mbar, and then N2 was used as a working gas. The partial pressure of the N2 gas is 200 

mbar. The N2 gas pressure on the top of the crucible was 500 mbar, which created a 

partial pressure difference inside the crucible. The increased partial pressure inside the 

crucible was required for pushing the molten metal from the crucible. The water-cooled 

rotating Cu wheel was used to quench the molten metal. The molten FeCuB alloy was 

quenched in the Cu-wheel rotated at 25 m/s. The obtained ribbons are of 40-70 ɛm in 

thickness and 10-30 cm in length. The FeCu, FeB and FeCuB ribbons were heat treated at 

500-700  C for 5 minutes and quenched to water to control the grain size. The heat 

treatment at 500-700  C was used to obtain the desired microstructure, such as Cu along 

the grain boundaries, and Fe2B/B clusters along the grain boundary. Then, the ribbons 
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were then annealed at 400  C for 4 hours to homogenize microstructure. The nitride phase 

Fe4N was fabricated by using the gas nitriding process. A mixture of NH3 and the H2 gas 

mixture was used at 500  C for 36 hours for nitriding the samples. The samples were 

reduced using H2 at 500  C for 30 minutes to remove any oxidation layer before the 

nitriding process. The nitrided samples are then quenched from 700  C to obtain 

martensitic phase transformation for fabricating body-centered tetragonal Fe8N phase. 

The Fe8N phase was then stress annealed at 200  C for 20 hours to transform the Ŭǋ-Fe8N 

to Ŭǌ-Fe16N2. 

A microdiffractometer with Co KŬ radiation (Bruker D8 Discover 2D) was used to obtain 

the x-ray diffraction (XRD) spectrum. The diffraction pattern was then converted to Cu 

KŬ standard diffraction pattern using a software, JADE. Scanning electron microscopy 

was done using Hitachi SU8230 SEM. The chemical composition of the sample was 

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

was done at 5kV/5 nA. AES measurement was done after removing 1 µm of the surface 

material via sputtering using Ar gas. 

5.3. Results and discussion: 

5.3.1. Decoupling ferromagnetic Fe16N2 grains with Cu doping: 

Based on the phase diagram of the Fe-Cu [101],  the maximum solubility of Cu in Fe is of 

2.0 wt% at 860  C, gradually decreases below that temperature and drops to 0.162 wt% at 

500  C [102,88]. In nanocrystalline soft magnetic materials, Cu is used as grain growth 

impeding islands. For example, Cu clusters were grown in the grain boundaries of Fe-Si 

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

wetting of one atom with another depends on two main conditions- i) low solubility, and 

iii) stable compound. The solubility of Cu in Fe is low, 0.16 wt% at 500  C, however, the 

Fe-Cu doesnôt have a stable compound based on the Fe-Cu phase diagram. Thus, wetting 

of Fe atoms with Cu might be an issue regarding alloying with Cu [90]. 

The precipitates of Cu atoms along the grain boundaries of Fe grains are shown in figure 

5.3. The composition is differed in the Fe from 3 to 6 wt% Cu. Figure 5.3(a) showed the 

microstructure of the Fe-6 wt% Cu alloy after heat treatment at 500  C for 5 minutes and 

followed by quenching in water. With six wt% Cu, the size of the precipitates became 1-2 

ɛm and didnôt precipitate along all grain boundaries. Large precipitates of Cu is not 

desirable, because they approach the same size of the magnetic grains and the separation 

between magnetic grains wonôt be effective. Figure 5.3(b) shows the microstructure of the 

Fe-3 wt% Cu alloy after heat treatment 500  C. The three wt% Cu doped Fe microstructure 

approaches to the design points regarding dispersion of the Cu precipitates and the size of 

the Cu precipitates along the grain boundaries. 
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Figure 5. 3: The Fe-Cu alloy microstructure after 500  C solutionizing for 4 hours, (a) Fe-

6 wt% Cu, (b) Fe-3 wt% Cu 

 

5.3.2. Controlling grain size with B doping: 

Boron is a known dopant for controlling the crystallization and the grain size of the Fe 

alloys. Boron helps to vitrify the structure and suppress the crystallization of the Fe alloy 

system. Figure 5.4 shows the x-ray diffraction of the Fe-B ribbon with 2, 3 and four wt% 

B. With two wt% B we found that the peaks in the x-ray diffraction pattern have a wide 

width. With three wt% B, we saw the increase of the volume fraction of Fe2B phase. Fe2B 

is a magnetic phase with a negative magnetic anisotropy constant of -4.27 Merg/cm3[103], 

which would have a detrimental effect on reducing the coercivity of the magnet. Moreover, 

for obtaining a high purity of Ŭǌ-Fe16N2, it is important to maintain the purity of the Fe 

phase. For controlling Fe microstructure, B content should be considered within 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 Fe-B alloy with 2,3 and four 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 composition on the crystal structure and 

microstructure. The grain size of the Fe-alloy was controlled by using Boron as a dopant. 

With more B in the Fe lattice, the concentration of the Fe2B phase increased linearly. The 

phase volume fraction was calculated using the direct analysis method [104]. Figure 5.5(a) 

shows that with two wt% B, the Fe2B concentration was of 2 vol%, where with the 3 and 
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four wt% B, the Fe2B 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 

magnetization. The two wt% B would give the minimum reduction in the saturation 

magnetization due to Fe2B phase. The microstructure of the Fe-B ribbon is expected 

different with different B composition. The grain size, d, of the Fe-B ribbon was calculated 

using the Scherrer equation [105]: 

 Ä
Ȣ

Ȣ
 (Equation 5.3) 

K is the shape factor, which is generally 0.9 for bulk samples. ɚ is the wavelength of the 

Cu radiation source, ɓ is the width of the x-ray diffraction peak, and the ɗ is the Bragg 

angle. The peak width due to the instrument was calibrated by using a single crystal of Fe 

as a reference.  

Figure 5.5(b) shows the increase in grain size with increasing the B composition. The grain 

size with two 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 the increased 

crystallization of the Fe-B and formation of Fe2B phase. 
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Figure 5. 5: The Fe2B phase volume and the microstructure of the Fe-B alloy, (a) Fe2B 

phase vol% with increasing B composition, and (b) the grain size of the Fe-B alloy with 

increasing B composition 

5.3.3. Cu and B co-doped 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 would have been layered 

with non-magnet-phase. Cu is helpful in segregating the grains of Fe and B is helpful is 

controlling grain size and the crystallinity of the as-spun ribbons. The semi-crystalline 

ribbon then was annealed at a different temperature to obtain a specific grain structure. 

Figure 5.6(a) shows the microstructure of the FeCuB ribbon with two wt% B and three 

wt% Cu. The image was taken using an SEM in the backscattered mode, which can show 

the different contrast of different compositions. The Cu atoms clustered to form precipitates 

along the boundary of Fe grains. The Fe2B/B clusters were also precipitated selectively 

along the grain boundaries. This microstructure can work as the precursor for building the 
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microstructure to form decoupled ferromagnetic grains with non-magnetic phases. Figure 

5.6(b) shows the x-ray diffraction pattern of the FeCuB alloy. The x-ray diffraction showed 

the Ŭ-Fe phase with very small volume fraction of Fe2B. 

 

Figure 5. 6: Fe-3 wt% Cu- 2 wt% B ribbon, (a) microstructure of the FeCuB ribbons, and 

(b) the x-ray diffraction of the FeCuB ribbon with Co-kŬ radiation (XRD pattern converted 

to Cu-kŬ radiation standard) 

5.3.4. Grain growth of the FeCuB alloy: 

Based on figure 5.6, the microstructure of FeCuB ribbon was shown with 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 annealed at 600-825  C for 5 

minutes for understanding the grain growth. The grain size of the ribbons was calculated 

based on the Scherrerôs formula using the x-ray diffraction peak width [106]. The grain 

growth of the FeCuB alloy was calculated with the following equation: 

$ $ ËÔ (Equation 5.4) 
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D and D0 is the grain size after and before the solutionizing of the ribbon, k is the material 

constant for the grain growth, and t is the solutionizing time. k depends on the materials 

composition and temperature of the solutionizing time and temperature. 

Figure 5.7 shows the grain size of the FeCuB ribbon after annealing at 600-825  C for 5 

minutes and then quenching in room temperature water. The grain size increased from 280 

nm to 800 nm within this 225  C range. The grain growth constant for the specific 

composition was found using equation 5.4. The grain growth constant also increased from 

21.1 to 177.8 m2/s, almost 9x within the 225  C temperature range, starting from 600  C. 

This value would help in designing the thermal process for the Fe-3 wt% Cu- 2 wt% 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  of the FeCuB ribbons: 

The microstructure of FeCuB ribbon was analyzed with different annealing conditions. 

Figure 5.8 shows the grain structure of the FeCuB alloy after annealing at 500  and 700  C 

for 5 minutes and then quenching in room temperature water and following up with 

tempering at 400  C for 4 hours. The microstructure image was taken in a backscattered 

mode with SEM. Thus a contrast between chemical composition was easily observed. The 

brighter object represents, the higher atomic weight phase with this method of electron 

microscopy. Figure 5.8 (a)-(b) shows that the grain boundary is populated with Cu 

precipitates. The Cu precipitates were shown with yellow arrows in the image. The grain 

size with 500  C annealing was of 280 nm, where as the grain size with 700  C was of 710 

nm. The goal of this process was to design a homogenous distribution of the Cu clusters 

and also obtain an optimized grain size. The Cu atom is quite homogenous with 500 and 

700  C annealing. 

 

Figure 5. 8: The microstructure of FeCuB ribbon after heat treatment at different 

temperatures. After annealing at a certain temperature, the ribbons were quenched in 
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water and tempered at 400 C for 4 hours; Annealing at - a) 500  C for 5 minutes, b) 700  

C for 5 minutes 

In figure 5.9, the grain boundaries can be seen quite clearly, and the white clusters in the 

grain boundaries are the Cu precipitates. Another important thing can be seen from the 

figure 5.9 is that there is a clear contrast between the grain and grain boundary. The grain 

boundaries are of the same contrast as of the Cu precipitates, which means the Cu clusters 

were creating a layer on the grain boundaries. This will be helpful in decoupling the Fe-

N/Fe grains and obtaining higher coercivity. 

 

Figure 5. 9: The high-resolution 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 performances of the FeCuBN ribbon with Ŭǌ-Fe16N2 phase: 

The Cu and B doped Fe ribbons were nitrided and subsequently processed to obtain the Ŭǌ-

Fe16N2 phase.  The ribbon was doped with three wt% Cu and two wt% B and then 

solutionized at 700 C for 3 minutes and quenched in water. Later, the FeCuB ribbons were 

nitrided using NH3 and H2 gas mixture followed 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 phase transformation and stress annealing process was also similar 

for the undoped FeN ribbon. 

The details of the strategy to obtain the Ŭǌ-Fe16N2 phase from Fe ribbon was discussed in 

other publication of the authors [64]. 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, whereas up-doped FeN magnet shows very low coercivity 

of ~20 Oe. The increase in coercivity was attributed to the non-interaction of the 

ferromagnetic FeN grains by decoupling using a non-magnetic material and controlling the 

grain structure size Cu and B composition. Also, the negative magnetic anisotropy of Fe2B 

canceled some part of the positive magnetic anisotropy of the Fe16N2 phase [79,103]. The 

undoped alloy FeN magnet showed higher saturation magnetization than the doped one 

because the magnetic saturation magnetization was compromised in the doped alloy due to 

the presence of non- magnetic Cu and B/Fe2B.  
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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 Fe16N2 phase might have been compromised. Thus the high 

magnetocrystalline anisotropy was not present in the material. Second, the final 

microstructure of the FeN ribbons might not be maintained as of the microstructure buildup 

stage. We have demonstrated that the B and Cu co-doping based microstructure, which was 

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

nitriding, quenching, and post-annealing can refine the microstructure. It would be required 
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to maintain an ideal microstructure throughout the materials processing stages to obtain 

high coercivity magnets. Third, the influence of magnetic grain boundaries like Fe2B and 

other FeN phase might be underestimated.  

5.4. Conclusions: 

We have developed a method for decoupling Ŭǌ-Fe16N2 grains using a non-magnetic 

material along the grain boundary. The proposed method of controlling the grain boundary 

composition was demonstrated with Cu doping in the Fe lattice. B doping helped in 

controlling the grain structure. We reported the grain growth constant of the Fe-3 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, which is not desired for decoupling 

the grain boundaries. Excessive B composition tends to form Fe-B compound Fe2B, which 

compromised the purity of the Fe phase required to obtain pure Ŭǌ-Fe16N2. 
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Chapter 6: Nitriding and martensitic 

phase transformation of the Cu and B 

doped FeN magnet 

 

In this chapter, we will discuss two solid-state phase transformations- nitriding of the 

ternary alloy FeCuB ribbons and martensitic phase transformation in the FeCuBN ribbons 

using x-ray diffraction, Auger Electron spectroscopy, and scanning electron microscopy. 

We have studied the kinetics of 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 growth of iron nitride in the FeCuB matrix. Finally, the martensitic phase 

transformation of the FeCuBN ribbons was also optimized, and the optimizing parameters 

for the martensitic phase transformation of FeCuB ribbons were reported.  

6.1. Introduction 

Fe-based alloys are widely used as magnetic materials for the applications of transformer, 

inductors, motors, generators, actuators, and sensors [68,107,108]. The development of 

magnetic materials requires a fundamental understanding of the solid-state phase 

transformation process to accommodate the design and development of different and 

integrated synthesis processes. The most prominent and mostly used Fe-based compounds 

and alloys include MnZn Ferrite (MnxZn1-xFe2O4), NiZn Ferrite (NixZn1-xFe2O4) [109], 
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Alnico [5] and NdFeB permanent magnets [8,9,13,70,86,110]. Magnetic properties such as 

saturation magnetization and magnetocrystalline anisotropy are highly dependent on the 

crystal structure of the material, which determines the magnetic interaction between 

constituents within a lattice structure [111]. Moreover, the resulting microstructure after 

the solid-state phase transformation, e.g., the shape and size of the grains and grain 

boundaries, is also a product of solid-state phase transformation process parameters such 

as temperature, pressure, time of aging at a certain temperature, etc. The microstructure of 

a material is one of the pivotal elements to control the coercivity [75,77,112] and 

permeability of magnetic materials [113,114], which in turn controls the performances of 

both permanent and soft magnetic materials. Thus, understanding and controlling the solid-

state phase transformation is very important to develop and scale up any magnetic materials 

for technological applications.  

In this chapter, we studied the solid-state phase transformation of the Cu and B doped FeN 

magnet since 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]. Ŭ╡-Fe8N and Ŭᾴ-Fe16N2 is regarded as one of the most intrigued 

materials because of its  high saturation magnetization of 2.3 T and 2.6-2.9 T, respectively 

[19,21,66,116,117]. The saturation flux density is beneficial in reducing machine size, and 

have efficient functional properties. Meanwhile, Ŭᾴ-Fe16N2 has a high magnetocrystalline 

anisotropy of 16-1.8  106 J/m3 [50,118], which makes it feasible to fabricate rare-earth-

free permanent magnets with an energy product up to 130 MGOe [63,117], more than 

200% higher than currently available strongest magnets, Neodymium magnets [119].  
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The figure of merit of a permanent magnet, the energy product, (BH)max, is determined by 

the product of saturation flux density, B and coercive field of the magnet, Hc. The coercive 

field is the field required to resist the demagnetization of the magnet. Based on Kronmüller 

et. al. proposal [84], coercivity Hc can be written as the following:  

( ɻȢ( ɼȢ-  (Equation 6.1), 

Where Hc is the coercive field, Ha is the anisotropy field, ɓ is the demagnetization 

coefficient in the polycrystalline grains, and other factors and Ms is the saturation 

magnetization of the magnet. 

The magnetic interaction between adjacent ferromagnetic grains reduces the coercive field 

of the magnet. Here ɓ in the equation 6.1 represents this effect. The coercive field of a 

magnet also reduces with the increment in grain size [113]. Thus, it is important to control 

the grain size and the grain boundary composition to obtain the maximum coercive field, 

hence maximum energy product. The size of ferromagnetic grains can be controlled 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 semi-crystalline or glassy material 

[121,122]. The semi-crystalline or glassy material then can be heat-treated at a suitable 

temperature to crystallize the grain with the desired grain size. Controlling the grain 

boundary composition is another very important step to obtain a high energy product 

magnet. The grains of ferromagnetic Fe16N2 should be decoupled using a non-magnetic 

grain boundary composition. Figure 6.1 shows the schematic diagram of the decoupled 

ferromagnetic grains with a non-magnetic grain boundary. Non-magnetic precipitation can 

help greatly in decoupling the ferromagnetic grains. 
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Figure 6. 1: The schematic diagram of the non-magnetic grain boundary  

We have designed an alloy system with Fe, B, and Cu. The details of the alloy design were 

discussed the chapter 5. B and Cu were used to control the grain size, the composition of 

the grain boundary. We have found Cu in the grain boundary of Fe-alloy, shown in section 

5.3.5. 

We report here the analysis of the nitriding kinetics of Cu and B doped FeN. The goal is 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 nanocrystalline Fe 

grains. Nitrogen diffusion is controlled by controlling temperature, pressure, nitriding 

source composition and time by using different techniques such as gas nitriding, plasma 

nitriding, ion implantation, and physical vapor deposition [3,21,42,65,123ï125]. The 

mostly used for the bulk materials nitriding is gas nitriding, where NH3 is used as a nitrogen 

source, and H2 is used to control the N composition and subsequent phases. Lehrer diagram 

for Iron nitriding theoretically predicts the crystalline structure of the compound based on 

temperature, and NH3/H2 ratio [126].  
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The second feature in this chapter is the martensitic phase transformation of Fe-Cu-B-N 

alloy. Iron nitride phases such as Ŭ╡-Fe8N and Ŭᾴ-Fe16N2 are martensites, which have 

superior magnetic properties, as mentioned before [44,118]. Ŭ╡-Fe8N is the chemically 

disordered martensitic phase where N atoms sit in the octahedral voids of Fe lattice 

randomly [41]. . Ŭᾴ-Fe16N2 is 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 

martensitic FeN phase, Ŭᾴ-Fe16N2, the nitrogen atoms needs to sit in only one type of 

octahedral voids of Fe lattice [23,24,127]. Since Ŭᾴ-Fe16N2 has the technological 

importance due to its potential to become a rare-earth-free permanent magnet, it is very 

important to understand the martensitic transformation process of this compound. The 

volume fraction of the final Ŭᾴ-Fe16N2 phase in a FeN magnet will be largely determined 

by the volume fraction of the Ŭ╡-Fe8N 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 methods 

The FeCuB ingots were prepared by using MTI Arc Melting furnace EQ-SP-MSM207. 

The raw materials were 99.99% Fe foil of 0.125 mm thickness (Goodfellow), 99.5% Cu 

powder Sigma-Aldrich), and 99.9% Fe2B powder (Sigma Aldrich). The Cu and Fe2B 

powders were wrapped inside the Fe foil with a pre-designed stoichiometry of Fe88B9Cu3. 

The wrapped pellets were melted inside the Arc melting furnace 4 times to homogenize the 

composition. The ingot was then placed in an Edmund Bühler Melt spinner SC and 

vacuumed up to 0.03 bar. The FeCuB pellet was melted using the induction melting 

process, and the ribbon of Fe-Cu-B was prepared with a wheel speed of 25 m/s using 
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Nitrogen as the working gas. The spun-out ribbons have a thickness of 100Ñ10 ɛm. 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 reduce the grain size to several 

hundred nanometers.  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. The cleaned FeCuB ribbons were put 

in a tube furnace in a ceramic crucible and reduced at 500° C for 30 minutes with 40 

cm3/min of H2 gas. Reduction helps to remove any oxide phase in the surface. Later, the 

FeCuB ribbons were nitrided for 4-36 hours at 200-550° C with 60 vol% NH3 in an NH3/H2 

gas mixture. 

The chemical composition of the sample was measured by Physical Electronics 670 Auger 

electron spectroscopy (AES). The analysis was done at 5kV/5 nA. AES measurement was 

done after removing 1 µm 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 ribbon. A microdiffractometer with 

Co KŬ radiation (Bruker D8 Discover 2D) was used to obtain the x-ray diffraction (XRD) 

pattern. The pattern was then converted to Cu KŬ standard diffraction pattern using a 

software, JADE. Scanning electron microscopy was done using Hitachi SU8230 SEM. The 

microscopy was done by using backscattered electron microscopy technique with a BSE 

detector.  
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6.3. Results and analysis 

The FeCuB ribbons were of 100Ñ10 ɛm in thickness and up to 200 -300 mm in length. For 

the simplicity of the experimental process, the ribbons were cut up to 10 mm long. Figure 

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

of the Ŭ-Fe phase and the rest was balanced by Fe2B and Fe2O3. Figure 6.2(b) shows the 

chemical composition of the as-prepared 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 0.5-1 wt% O.  

 

Figure 6. 2: Characterization of Fe-Cu-B ribbon, (a) X-ray diffraction of the FeCuB 

ribbon shows Fe and Fe2B 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 predicted by Lehrer diagram, 
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which shows that based on different temperature, nitriding time and gas pressure, different 

iron nitride compounds are generated [25,128,129]. Based on the Lehrer diagram, we found 

that Ů-Fe3N and ɔ╡-Fe4N phase can be formed by using different temperatures and NH3/H2 

gas ratio. In our experiments, we fabricated na itride layer with ɔ╡-Fe4N phase using 

different temperature, NH3/H2 ratio and nitriding time.  

Figure 6.3 shows the X-ray diffraction patterns of the Fe-Cu-B ribbons nitrided at 200-

500°C for 4 hours. The nitriding has been done for 4 hours with an NH3/H2 gas ratio of 3/2. 

The composition of ɔ╡-Fe4N phase increases with the increase in temperature above 400°C. 

After nitriding at 500  C, the iron phases became the dominating phases in the sample. 
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Figure 6. 3: X-ray diffraction of nitrided FeCuBN with Co KŬ radiation (result 

standardized to Cu KŬ radiation) 

6.3.2. Effect of Nitriding time on Nitriding of FeCuB ribbons 

Figure 6.4 shows the effect of nitriding time on the nitrogen concentration on the Fe-Cu-B 

ribbons. Nitrogen composition increased linearly within 28 hours of nitriding. After 28 

hours, the nitrogen concentration was plateaued and become saturated completely. The 

maximum nitrogen concentration was 15 at% after 28 hours of nitriding at 500°C with 60 

vol% NH3 in NH3 and H2 gas mixture. 

 

Figure 6. 4: Nitriding of FeCuBN ribbons for different times at 500  C with 60 vol% NH3 
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6.3.3. Effect of Nitriding at different temperature 

Temperature is a very 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 measured using the 

Auger Electron Spectroscopy. To reduce the surface contamination effect, the surface was 

sputtered up to 0.5 ɛm. The composition of nitrogen in the FeCuB ribbons nitrided at 400-

550  C is shown in Figure 6.5. The nitrogen composition was found as 9, 9.7, 10, 12 and 

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

the data points following empirical relation, can was found: 

ἚἱἼἺἷἯἭἶ ἫἷἵἸἷἻἱἼἱἷἶ ἩἼἷἵἱἫ Ϸ Ȣ ἢἭἵἸἭἺἩἼἽἺἭ  ἱἶ ϊἍ Ȣ 
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Figure 6. 5: Nitrogen composition of FeCuBN ribbons at different temperature 
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6.3.4. Kinetics of Nitriding in FeCuB ribbons 

We have studied the kinetics of the nitriding in FeCuB ribbons by measuring nitrogen 

composition along the thickness of the ribbon. We assume that the diffusion process of the 

nitrogen in the iron lattice is a non-steady state diffusion. E. Mittemeijer [130] found that 

during gas nitriding process, initially a compound tthe he layer is formed comprised of Ů-

Fe3N and then other iron nitride phases grow below,  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 ɔ╡-Fe4N phase below the compound layer. The diffusion 

coefficient of nitrogen in Ŭ-Fe and ɔ╡-Fe4N is πȢχχσȢψ ρπ  ÍȾÓ and ςȢυς

ρπ  ÍȾÓ [128], respectively .The diffusion coefficient of nitrogen in the Fe lattice is 

driven by thermal activation using the Arrhenius relation as following: 

$ $ÏÅØÐ  (Equation 6.2) 

$ is the diffusion co-efficient, $  is the preexponential factor of diffusion, 4 is the 

temperature in Kelvin, 2 is the gas constant and % is the activation energy for diffusion in 

J/mol. 

Fickôs second law of non-steady state diffusion of atoms is as follows: 

$  (Equation 6.3) 

By solving the equation, we can obtain: 

ȿ ȿ

ȿ ȿ
ρ ÅÒÆ ØȾς$Ô (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 and t is a time of nitriding 

treatment.  

Figure 6.6 shows the nitrogen concentration through the thickness of the FeCuB foils at a 

different temperature. The ribbons were nitrided at 450-550  C for 36 hours with 60 vol% 

NH3 in the NH3/H2 gas mixture. The nitrogen concentration followed a similar pattern for 

all the temperatures, 450, 475, 500 and 550  C. The nitrogen concentration at the surface 

ranges from 11.12 to 17.42 at% N, which reduced almost 30-50% in the middle of the 

ribbons. The nitrogen concentration in the middle of the ribbons was in 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 ribbons at a different 

temperature. Nitriding was done for 36 hours with 60 vol% NH3 in an NH3/H2 gas 

mixture 

Using the equation 6.4, the 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 

 

 

Temperature ( C) The diffusion coefficient, D ρπ  

(m2/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 re-written as:  

ÌÎ$ÌÎ $Ï %Ⱦ24 (Equation 6.5) 

Figure 6.7 shows the ÌÎ$ vs. ρȾ4 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: ln D vs. 1/T of nitrogen diffusion in FeCuB alloy. The linear fitting of the 

data points shows the slope (-E/R) and the intercept (ln D0) of the graph 

By using Figure 6.7, we can find the slope as E/R= 8421.73 K, R= 8.314 J/mol-K. Thus, 

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

The preexponential factor D0 for the nitrogen diffusion in FeCuB was found as 

ρȢςυρπ  m2/s. 

6.3.5. Microstructural changes with solid-state phase transformations 

The microstructure of 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 technique. Backscattered imaging 
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technique can distinguish between the atomic weights, and the distinction can be seen as 

contrast. Heavier atoms appear brighter than the lighter atoms. The 700  C annealed and 

water quenched FeCuB ribbon is shown in Figure 6.8(a), where equiaxed grains of 500-

700 nm Fe are visible with B/Fe2B and Cu precipitates in the grain boundaries. After 36 

hours of nitriding at 500° C for 36 hours with 60 vol% of NH3 in the NH3/H2 gas mixture, 

the grain growth happened, and nitrogen was diffused through 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 B-rich and N-rich composition were segregated into a separate zone, 

as shown in figure 8(b). The dark black colored zones were B-rich, where relatively lighter 

gray-colored zones were N-rich zone. 

 

 

Figure 6. 8: The microstructure of the FeCuBN ribbon- a) as-prepared ribbon, b) ribbon 

after annealing at 700  C for 3 minutes and quenched in water, (c) nitrided ribbon after 

nitriding at 500 C for 36 hours with 60 vol% NH3 in NH3/H2 gas mixture, and (d) zoomed 

in view of the nitrogen-rich region showing layered growth of iron nitride 
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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 that marked area, and copper concentration is lower in 

that area. Cu atoms tended to segregate along the grain boundaries. Thus we can see big 

Cu precipitates along the periphery of the circle.  

 

Figure 6. 9: The chemical composition map of the nitrided FeCuB ribbon, collected using 

SEM-EDS 

6.3.6. Comparison of the diffusion coefficient of N in nanostructured FeCuB matrix 

and pure Fe 

The diffusion coefficient of N in the nanostructured Fe was reported as σȢσ ρπ  ÍȾÓ 

at 300 C [125]. The diffusion coefficient of N in the FeCuB matrix was found as 

ρȢχωρπ  ÍȾÓ at 500  C. Using the formula, D = D0 e-E/RT, we found the diffusion 

coefficient of N in FeCuB matrix at 300  as σȢψ ρπ  ÍȾÓ, which is two orders of 

magnitude lower than the diffusion coefficient of N in nanostructured Fe. The reason for 

the slower diffusion rate is the microstructural hindrance such as Cu and B precipitates in 

the grain boundary regions. The N diffusion coefficient in the Fe structure with micron size 

grains ranges from πȢχχσȢψ ρπ  ÍȾÓ [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 

coefficient is increased in 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 section, martensitic phase 

transformation of material is controlled by the following equation: 

Ў' Ў(  (Equation 6.6) 

Ў'  is the change in Gibbs free energy for martensitic phase transformation, Ў(  is 

the change in enthalpy due to martensitic phase transformation, -  is the martensite start 

temperature and 4 is the operating temperature. 

ȹG is controlled by undercooling of the material, . The value of Ms changes with 

the different alloying condition. In this chapter, we showed the martensitic phase 

transformation condition of Fe-Cu-B-N alloy with three at% Cu and eight at% B with 

approximately 9-11 at% N. The martensitic phase transformation was controlled by 

quenching rate using different solutionizing time and quenching media.  

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

ribbons were quenched in water, ice-water and liquid nitrogen to accommodate different 

quenching rate. The temperature of water, ice-water, and liquid nitrogen were 20  C, 2  C 

and -196  C, respectively. Due to different quenching operation temperature, the driving 

force for quenching changes in the FeCuBN ribbon. The solutionizing time for 

homogenizing the temperature in the FeCuB ribbons was varied from 2 minutes to 6 
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minutes. The ribbons were solutionized at 680  C. In figure 9(a)-(c), we found that above 

2 minutes of solutionizing temperature, iron nitride phases (Ŭǋ-Fe8N or ɔǋ-Fe4N) diminis hes, 

because of the thermal decomposition of ɔ╡-Fe4N phase as following: 

 

In Figure 6.10(a)-(c), we have found that, with the quenching, the martensitic phase Fe8N 

phase was grown in the FeCuBN ribbons. Unique peaks were obtained from (101), (213) 

and (110) planes of Ŭǋ-Fe8N phase. Figure 6.10(d) summarizes the volume fraction of the 

martensitic phases from different quenching media. The volume fraction of the phases were 

obtained by using direct analysis method [133]. The volume fraction of the martensitic 

phase of the water quenched FeCuBN ribbon was 0.45. The martensitic volume fraction 

increases by 22% with increasing the quenching rate by quenching in ice-water. However, 

the liquid nitrogen quenching yielded lower martensitic phase despite the difference 

between martensitic start temperature, and media temperature is very high. The reason for 

the lower formation of the martensitic phase is the reduced heat transfer between the solid 

FeCuBN ribbon and liquid nitrogen media. The liquid nitrogen starts to boil when hot metal 

ribbon comes in contact, and the fume of the liquid nitrogen works as a barrier layer 

between the FeCuB ribbon and the cold media. Thus, the effective cooling rate is lower 

than water and ice-water, which eventually cause less yield in the martensitic phase. 
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Figure 6. 10: The X-ray diffraction of the quenched FeCuBN ribbons, (a) quenched in 

water, (b) quenched in ice-water, (c) quenched in liquid nitrogen, and (d) the martensitic 

Ŭǋ-Fe8N phase volume fraction 

6.3.8. The microstructure  of the martensitic FeCuBN ribbon 

Figure 6.11(a) shows the microstructure of the FeCuBN after martensitic phase 

transformation. The microstructure contained two separate regions- (a) dark N-rich area, 

and (b) bright N-poor area. The composition of the bright and dark area was measured 

using EDS, and the points were marked in 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% from a bright area to a 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 with N-rich and N-

poor region, (b) the change in composition between 

6.3.9. Nitrogen retribution model in the FeCuBN martensitic phase 

The segregation of N-atoms was shown in both figure 6.8 (d) and figure 6.11 (a). The 

nitrided FeCuBN ribbons have a layered structure with N-rich and N-poor area as shown 

in figure 6.8(d). The N-rich areas were containing a shell with ɔǋ-Fe4N phase and an N-

poor core with FexN and Fe mixture. Figure 6.12 (a) shows the schematic of the N-rich and 

N-poor grain structure. When the FeCuBN ribbon was solutionized at 700  C for 2 minutes, 

the N atoms tend to diffuse from the shell towards the core to balance the atomic 

distribution and form high-temperature stable phase ɔ-FexN, as shown in figure 6.12(b). 

ɔ'-Fe4N      ɔ-FexN  

The redistribution of N atoms helps in obtaining a stoichiometric Ŭǋ-Fe8N structure with 

three wt% N atoms. Upon rapid cooling or quenching of the FeCuBN ribbons, ɔ-FexN is 

then transformed into Ŭǋ-Fe8N. 
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Figure 6. 12: The N-segregation model of the martensitic FeCuBN, (a) The N-rich shell 

with N-poor core, (b) The  redistribution of N-atoms towards the core to form ɔ-FexN to 

transform to Ŭǋ-Fe8N 

6.4. Conclusions 

Nitrogen diffusion kinetics in the FeCuB matrix has been reported in this chapter. We 

found the diffusion coefficient of N in FeCuB matrix as of ρȢχωρπ  Í Ⱦ Ó, which is 

two orders of magnitudes smaller and one order of magnitude larger than the to the N 

diffusion coefficient in the nanostructured and microstructured Fe, respectively.  The 

discrepancy of the diffusion coefficient is explained based on the change in microstructure. 

The nitride layer formation in the FeCuB matrix was unique; N atoms diffuse through grain 

boundaries and create island-like structure in the matrix. Inside the big island (1-2 ɛm 

grains), the iron nitride was grown in layers. The grain boundary of FeCuB matrix 

contained Cu and B/Fe2B precipitates, which slowed down the diffusion of N in the 

structure. The martensitic phase transformation of FeCuBN was also optimized by using 

ice-water as quenching media and 2 min as solutionizing at 680 C. The study on the 
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nitriding and the martensitic phase transformation process will be useful for the functional 

alloy development based on FeCuB for the magnetic 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 Mehedi et.al., Journal of Physics D, 50, 37 

37LT01 (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 carbon, Ŭǋ-Fe8(NC), which has saturation flux density of 2.8±0.15 T and 

magnetic anisotropy of 46 kJ/m3. The saturation flux density is 27% higher than pure iron, 

a widely used soft magnetic material. Soft magnetic materials are very important building 

blocks of motors, generators, inductors, transformers, sensors and write heads of the hard 

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

generation of electronic devices. 

7.1. Introduction 

The soft magnetic material is an important building block for motors, generators, sensors, 

write heads of hard disk drives, transformers, and inductors [134ï137]. A combination of 

high saturation flux density and low magnetic anisotropy is rare to find in one soft magnetic 

material. The high saturation flux density will enable the reduction of machine size, and 
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low magnetic anisotropy will enable higher efficiency[138]. With this combination, the 

material can be used as 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 heads [139]. Currently 

available soft magnetic materials such as Fe, Fe-Ni, Fe-Si, Fe-Co, ferrites and Fe-based 

nanocrystalline and amorphous soft magnets cannot provide this desired 

combination[100,140ï149]. Silicon steel (Fe-Si), pure iron (Fe), Permalloy (Fe-Ni), and 

nanocrystalline and amorphous Fe-based alloys[150], which are currently used in high-

performance transformers and motors, have saturation flux density of 1.3-2.2 T 

[141,145,150]. The Fe-Co alloy, which is currently used in write heads, has a higher 

saturation flux density of 2.40 T [143,147,151]. However, Co is a ócritical materialô based 

on its supply chain risk reported by the Critical Materials Institute [72]. In the 1990s, Ŭǌ-

Fe16N2 was reported with a flux density of 2.8-3.0 T, which triggered the search for Fe-N 

based high flux density materials [30]. However, Ŭǌ-Fe16N2 has a high magnetocrystalline 

anisotropy of 1000 kJ/m3 [21,43], which renders it unsuitable for soft magnetic 

applications. With increasing demand for machine miniaturization, energy efficiency, and 

reduction of dependence on elements that are in short supply, much effort is currently 

devoted to the search of new sustainable materials with a high saturation flux density of 

>2.4 T, and low coercivity of 5-80 A/m. Herein, we report a new soft magnetic material, 

Minnealloy, a compound of Fe, N and C, Ŭǋ-Fe8(NC). The superior magnetic flux density 

of Minnealloy suggests that this material will be helpful in building a next-generation 

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) which is based on the induction melting process. The vacuum of 

2 10-2 mbar was obtained using a mechanical pump, and then Ar was used as a working 

gas. The molten metal was levitated in the water-cooled crucible with the aid of magnetic 

levitation. Urea (Sigma-Aldrich, 99.5%) was used as the source of nitrogen and carbon and 

was wrapped inside a 0.1 mm iron foil (Sigma Aldrich, 99.5%). The chemical reaction of 

decomposition of urea [(NH2)2CO] was as follows: 

(NH2)2-CO            NH3+ HCNO (Equation 7.1) 

NH3             [N] + 3/2 H2 (Equation 7.2) 

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

pallet-like Fe-Urea precursor was prepared. The iron foil was initially melted by induction 

heating, and the decomposed Urea (NH2-CO-NH2) was the source to diffuse nitrogen and 

carbon in the molten iron to form ɔ-FeNC (solid solution of N and C in Fe lattice). The 

crystal structure of ɔ-FeNC is face center cubic (FCC), where N and C atoms are randomly 

distributed in face center positions of Fe lattice. The sphere-shaped sample was then cut 

into ribbons of 5 1 0.2 mm3 size. The ribbons were then annealed at 640°C for 30 minutes 

and quenched in ice-water to transform face-centered cubic crystal structure to the body 

center tetragonal crystal structure. After quenching, martensitic Ŭᾳ-Fe8(NC) was formed 

and was annealed at 180°C for 20 hours to remove the residual stress generated in the 

lattice due to the quenching process. 
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The chemical composition of the sample was measured by Physical Electronics 670 

Auger electron spectroscopy (AES). The analysis was done at five kV/5 nA. AES 

measurement was done after removing one ɛm of the surface material via sputtering 

using Ar gas.  Physical Electronics 555 X-ray photoelectron spectroscopy (XPS) (non-

monochromatic Mg/Al K-Ŭ X-ray source) was used to measure the binding energy of 

carbon with iron and oxygen.  A microdiffractometer with Cu KŬ radiation (Bruker D8 

Discover 2D) was used to obtain the X-ray diffraction spectrum. The spectrum was 

refined by fitting the data in a Gaussian profile using JADE. The magnetic properties of 

the sample were measured using a Princeton Measurements Vibrating Sample 

Magnetometer (VSM) 3900 series, which has a sensitivity of 510-9 Am2 (5 ɛemu). 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 measurement; the instrument was calibrated using a standard Ni 

sample with the known magnetic moment (44.4 memu), provided by NIST. The density 

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 Secura225D-1S mass balance system with 

0.00001 g resolution and then, calculated the volume of the ribbon based on the 

dimensions (width, length, and thickness). Since density = mass/volume, we can 

precisely measure the density of the sample. Scanning electron microscopy was done 

using Hitachi SU8230 SEM. Transmission electron microscope (TEM) samples were 

prepared in an FEI Quanta 200 3D Focused Ion Beam (FIB) operating at 30 kV of 

gallium ion beam with a lift-out method. FEI Tecnai G2 F30 (S)TEM having a Schottky 
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field emission electron gun operating at 300 kV with an extraction voltage of 4 kV was 

used for electron diffraction and conventional bright-field TEM imaging.  

7.3. Results 

 

7.3.1. Crystalline phases and chemical compositions 

The prepared ribbons with a dimension of 3.4-3.9 0.35 0.2 mm3 are shown in Figure 

7.1(a). X-ray diffraction (XRD) of the Minnealloy samples was done with Cu KŬ radiation. 

The ɗ-2ɗ scan is shown in Figure 7.1(b). The martensitic phase transformation is one of 

the main controlling factors of the purity of the Minnealloy samples. The Gibbs free energy 

change (ЎG) of the martensitic phase transformation is proportional to the degree of 

undercooling below the martensite starts temperature. To obtain a high volume percentage 

of martensite phase, the quenching process was optimized by selecting proper quenching 

media and quenching time. The XRD ɗ-2ɗ scan of the quenched sample showed diffraction 

peaks from the martensite phase, Ŭᾳ. Unique peaks were obtained from the (101), (110), 

and (200) planes of Minnealloy [Ŭᾳ-Fe8(NC)]. Based on the XRD scan, we found a 42±12% 

vol Ŭᾳ-Fe8(NC) phase with a 53±12%vol Fe and a 5±1%vol Fe2O3. The lattice parameter 

was also calculated based on the lattice spacing obtained in x-ray 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 is presented in 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 carbon is randomly distributed in the Fe lattice, which is evident from the X-ray 

photoelectron spectroscopy (XPS) result shown in Figure 7.1(d). To understand the carbon 
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distribution, we analyzed the carbon concentration with X-ray photoelectron spectroscopy.  

Figure 7.1(d) shows the Gaussian fit of the C 1s spectra, where four peaks are obtained at 

284.4, 285.6, 287.7 and 289.6 eV. The peak at 287.7 eV arises from the C-O-C bond,[152] 

while the peaks at 285.6 and 289.6 eV are from the C-C and O-C=O bonds, 

respectively.[153] Jiang et. al.[153] also observed the evidence of a Fe-C bond from 283.9 

to 284.3 eV, which confirms the existence of Fe-C bond in our sample at 284.4 eV. Based 

on the Gaussian fitting of the plot, four at% carbon bonds to iron to form an Ŭᾳ-Fe-C 

compound. Carbon and oxygen originating from the decomposition of urea (NH2-CO-

NH2), which are trapped inside 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 and carbon are well understood by doing X-ray photoelectron spectroscopy 

(XPS). The XPS data prove the existence Fe-C bonds.  

7.3.2. Magnetic properties of Minnealloy 

Magnetic properties of the Minnealloy were measured with 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 (Ms) of 258 emu/g (sample density, ɟ= 

7.6±0.05 g/cc). The saturation flux density, Bs= 4ˊMsɟ/104, was obtained as of 2.47 T, 

which is demonstrated in Figure 7.2. The saturation flux density of 2.47 T of the ribbon is 

a mixed contribution from Minnealloy, Ŭ-Fe, and Fe2O3. We calculated the contribution 

from Minnealloy phase based on the wt% of phases calculated by using XRD scan. The 

saturation flux density of Minnealloy phase was found as 2.8±0.15 T. Details of the 

calculation are enclosed in supplementary S2. The coercivities of the sample were 197 A/m 

(~2.4 Oe) and 295 A/m (~3.7 Oe) for the applied magnetic field along the in-plane and out-

of-plane direction of the ribbon, respectively. Coercivity is an extrinsic property, which 

can further be reduced by microstructure engineering 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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Figure 7. 2: The magnetic properties of the Minnealloy sample. The hysteresis loop of the 

mixed phase sample with Ŭᾳ-FeN/Ŭᾳ-FeC and Ŭ-Fe phase demonstrated a saturation flux 

density of 2.47 T with 197 A/m along the in-plane direction of the foil. The coercivity in 

both directions is zoomed in 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 7.3 [154] : 






















