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ABSTRACT OF THE DISSERTATION 
 
 

Nanocrystalline Soft Magnetic Iron Alloys 
 
 

by 
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Doctor of Philosophy, Graduate Program in Materials Science and Engineering 
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Dr. Suveen Mathaudhu, Chairperson 
 
 

There is a desperate need for alternative and renewable energy sources to meet the raising 

demands of our global technological society. Magnetic materials are uniquely poised to 

address many of the energy demands including in sectors such as energy generation and 

transmission, transportation, refrigeration, and manufacturing. Improving material 

properties for these applications would result in enormous impacts to industry in the form 

of reduced energy costs and reduced greenhouse gas emissions.  

Nanostructured materials present a promising path forward for improving these magnetic 

properties. Magnetocrystalline anisotropy has been used to describe how grains at the 

nanoscale effect coercivity. However, there remains a gap in knowledge for describing 

how nanoscale features effect other critical magnetic properties such as permeability, 

domain wall movement, and frequency dependence. Additionally, the fundamental 

mechanisms by which these properties depend on microstructures are unknown. Probing 

microstructure, chemistry, and magnetic properties at the nanoscale has proven to be 

challenging, because of the convolution of magnetic and structural information in 
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common nanoscale characterization techniques. Understanding of how magnetic domains 

interact within complex nanostructured features including many types of defect 

interactions is critical for engineering materials that take advantage of these properties. 

Here several amorphous/nanocrystalline Fe based alloys with a rich variety of defects 

have been synthesized via a variety of severe shear deformation techniques including 

high energy ball milling, spark plasma sintering, and high pressure torsion. High 

resolution chemical mapping and correlated structural data is collected to gain insight on 

fundamental mechanisms of domain-defect interactions. Aberration-corrected scanning 

transmission electron microscopy, Lorentz transmission electron microscopy and atom 

probe tomography analysis methods are also used to correlate magnetic domain behavior 

with specific nanoscale defects and features. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 vii 

Table of Contents 
List of Figures .................................................................................................................... ix 

List of Tables ..................................................................................................................... xi 
Introduction ......................................................................................................................... 1 

References ....................................................................................................................... 7 

Chapter 1 ............................................................................................................................. 9 

Abstract ........................................................................................................................... 9 

Introduction ................................................................................................................... 10 

Materials and Methods .................................................................................................. 12 

Results and Discussion ................................................................................................. 13 

Morphology............................................................................................................... 13 

Structural properties .................................................................................................. 18 

Magnetic Properties .................................................................................................. 23 

Conclusion .................................................................................................................... 27 

References ..................................................................................................................... 29 

Chapter 2 ........................................................................................................................... 32 

Abstract ......................................................................................................................... 32 

Introduction ................................................................................................................... 33 

Experiment .................................................................................................................... 35 

Results and discussion .................................................................................................. 36 

Magnetic Properties .................................................................................................. 36 

Microstructure ........................................................................................................... 39 

Atom probe ............................................................................................................... 43 

Conclusion .................................................................................................................... 49 

References ..................................................................................................................... 50 

Chapter 3 ........................................................................................................................... 54 

Abstract ......................................................................................................................... 54 

Introduction ................................................................................................................... 55 

Materials and Methods .................................................................................................. 56 

Results and Discussion ................................................................................................. 58 

Densification ............................................................................................................. 58 

Microstructure ........................................................................................................... 68 

Magnetic Properties .................................................................................................. 69 



 viii 

Conclusion .................................................................................................................... 70 

References ..................................................................................................................... 72 

Conclusion ........................................................................................................................ 74 

 
 

  



 ix 

List of Figures 

Figure 1.1 SEM micrographs of (a) as-received Fe, (b) Si, and (c) mechanically alloyed 
FeSi 3.5 wt % .................................................................................................................... 15 

Figure 1.2 SEM micrographs of lamellar structure and agglomerated particles of FeSi 3.5 
wt% milled for (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20 h. The arrows in the figure indicate 
large particle fracture sites (a, b, d) and lamella (c). ......................................................... 16 

Figure 1.3 Particle size distribution of mechanically alloyed Fe 3.5 wt. % Si milled for 5, 
10, 15, and 20 hours .......................................................................................................... 17 

Figure 1.4 X-ray diffraction spectra of mechanically alloyed Fe 3.5 wt. % Si milled for 5, 
10, 15, and 20 hours .......................................................................................................... 19 

Figure 1.5 Crystallite size of Fe 3.5 wt. % Si after 5, 10, 15, 20 hours of milling ........... 20 

Figure 1.6 X-ray diffraction spectra of FeSi alloys with Si wt. % 1.78, 3.51, 3.8, 5.08, 
6.06, 6.98, 8.04.................................................................................................................. 21 

Figure 1.7 Unit cell parameter (squares) and average crystallite size (circles) of 
mechanically alloyed FeSi alloys ...................................................................................... 22 

Figure 2.1: Magnetic hysteresis curve for radial and through thickness of the HPT 
processed disc. Inset top left is table showing maximum magnetic saturation and 
coercivity, lower right inset is region of loop showing field required for reversal. ......... 38 

Figure 2.2a) SEM micrograph of as milled powders, b) powder showing sites of cold 
welding and fracturing, c) particle size distribution of milled powders, d) HPT processed 
disc in cross section (top) and halved (bottom) ................................................................ 40 

Figure 2.3a) Dark field TEM showing nanoscale grains and high density of dislocations, 
b) grain size distribution of as HPT processed Fe 3.5 wt. % Si, c) bright field TEM with 
inset diffraction pattern d) magnified area of c) in dark field TEM two beam condition. 42 

Figure 2.4 a) APT reconstruction side view of silicon ions with grain boundaries 
highlighted, b) top down view of silicon ions with grain boundaries highlighted, c) APT 
reconstruction with all elements and each element individually ...................................... 45 

Figure 2.5 a, b) APT 2D concentration color maps for Si over grain boundary 1 (a) and 2 
(b) sample thickness is 1 nm, blue is low atomic concentration and red is high atomic 
concentration, scale in at. %. c, d) 1D concentration profile of Si across grain boundary 1 
(c) and grain boundary 2 (d) ............................................................................................. 47 

Figure 2.6 a) Bright field TEM of atom probe tip with APT analysis volume highlighted, 
measured with diffracted beam to be a single crystal region, b) 1 nm thick slice of atom 



 x 

probe reconstruction with Si ions shown c) 2D color concentration map of Si, red is high 
atomic concentration and blue is low atomic concentration ............................................. 48 

Figure 3.1 Relative density for different SPS hold temperatures, with ramp rate of 150 
°C/min, pressure of 50 MPa, and 1 minute of hold time .................................................. 59 

Figure 3.2 Hardness as measured from Vickers micro-indentation as a function of SPS 
hold temperature ............................................................................................................... 61 

Figure 3.3 X-ray diffraction spectra of as milled powder (blue) and after SPS processing 
(black) at 950 °C ............................................................................................................... 63 

Figure 3.7 Visible light micrographs of SPS consolidated ribbons, a) produced with 
wheel speed 30 m/s, b) wheel speed 40 m/s ..................................................................... 69 

 
  



 xi 

List of Tables 
Table 2.1 Elemental concentrations by atomic percent of the APT analyzed volume in 
HPT processed FeSi and the expected values based on mechanical alloying precursors. 46 
 
Table 3.2 Saturation magnetization and coercivity for precursor materials, after SPS 
processing for center and edge of disc …………………………………………………. 70 



 1 

Introduction 

The progress and development by humans into an industrial society has resulted in a 

depletion of natural energy resources and climate changes with grave and hard to predict 

results. If our species is to keep progressing, there is a need for alternative energy 

concepts. This drive has resulted in an increasing emphasis on improving the efficiency 

of electricity use and transmission as well as the replacement of oil-based fuels for 

transportation by the electric motor. Considering this, magnetic materials are critical 

components in energy applications (i.e. motors, generators, transformers, actuators, etc.) 

and represent a significant opportunity for addressing our energy needs. Technological 

sectors that are greatly impacted by magnetic materials include transportation, electric 

power generation and conversion, and refrigeration [1]. Any improvement in functional 

magnetic materials such as next generation hard and soft magnets, magnetic refrigerants, 

magnetic MEMS (microelectromechanical systems), and magnetic shape memory alloys 

will have a serious impact in these areas.  

Of particular interest are the magnetic components in electric motors and generators. 

Electric motors have been a wide spread driver of our technological society for the past 

few centuries. They are seen in household and office appliances, transportation sector, 

and in industrial settings ranging from a few watts to several hundred kilowatts. In 

modern nations such as the United States of America, the industrial sector is responsible 

for consuming nearly 30% of all electricity, and of that almost 65% is utilized by electric 

motor drives [2]. Electric motors both large and small account for an enormous fraction 
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of energy use and therefore any even tiny improvement in efficiency results in an 

extremely large effect in energy use and in greenhouse gas emissions. Improving the hard 

and soft magnetic materials in these electric motors would allow for lighter, more 

compact, and efficient devices while still fulfilling the power and torque needs of 

transportation and actuation applications. In the case of generators one large area of 

electricity generation is wind power. The generator containing the heavy, magnetically 

active components of a wind turbine need to sit at the center of rotation for minimal loss 

in torque transfer. Because wind speed is higher at altitude, the taller a wind turbine is the 

more power it can produce, however, there are limits because of the weight of the 

generator on how tall the turbine can be. Better magnetic materials that can decrease the 

weight of the generator would greatly impact efficiency of generation.  

In the past several decades a number of permanent magnet materials have been 

discovered. These materials greatly enhanced the performance of permanent magnets. 

These magnets have a large saturation magnetization (how much magnetic field can be 

induced) and high coercivity (the ability to resist demagnetization). There are several new 

motor designs that utilize the enhanced performance and reduced size needed of the 

magnetic material that have become widely adopted. However, the materials with the best 

properties rely on rare-earth elements such as Neodymium, Dysprosium, Samarium, and 

Praseodymium which have extreme market volatility and are very expensive. In the 

interest of continued stable progression in technology, other materials also need to be 

investigated. Soft magnets have seen a similar interest in development where several 

materials have been discovered in the recent decades. Soft magnets also have large 
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saturation magnetization, but they have minimal coercivity. Applications for soft magnets 

require their magnetic field to be switched, sometimes at high frequency, so it is easy 

demagnetization is an advantageous property. Particular interest has been in tuning the 

microstructure to produce amorphous and nanocrystalline alloys that out perform 

traditional materials [3]. The amorphous structures are important for improving multiple 

important properties. The structure increases resistivity, lowering eddy current losses and 

also lowers the coercivity by reducing the magnetocrystalline anisotropy constant [4]. 

However, there are several drawbacks to these materials. In order to obtain amorphous 

structure, the magnetically active Fe atoms must be substituted with potent glass formers 

such as B and Si which decrease the magnetic saturation [5]. Additionally, this 

microstructure changes the mechanical behavior of the materials; they become much 

more hard and brittle. Because of the cost of production and less dramatic improvements 

compared to the permanent magnets, use of these materials has not become widespread 

outside of niche applications.  

Iron silicon alloys exhibit excellent soft magnetic properties that make it suitable in 

electromagnetic applications such as inductors, stators, and transformers. High saturation 

magnetization, low coercivity, and high resistivity combine to minimize hysteresis and 

eddy current losses in these applications [6]. Si also serves to lower the conductivity 

reducing the eddy currents generated by a magnetic field [7]. Permeability, resistivity, 

and saturation are maximized at Si concentration of 6-6.5 wt. % [7]–[9]. These magnetic 

and electronic properties can be further improved by tuning the grain size to the 

nanoscale [3]. The improvement in magnetic properties results when the grain size is less 
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than the exchange length, which is about 35 nm for FeSi 11 wt. % [10]. The random 

anisotropy model has been used to successfully describe the behavior of a group of 

randomly oriented grains smaller than the exchange length in this regime; the grains are 

strongly exchange coupled, and the effective magnetocrystalline anisotropy is 

proportional to grain size to the sixth power. As grain size is reduced to a limit of about 

10 nm, the coercivity is also reduced proportionally with magnetocrystalline anisotropy. 

The extreme brittleness of amorphous and nanocrystalline iron-silicon based alloys has 

presented manufactures with a challenge. The material must be rapidly quenched from 

melt in order to form the advantageous amorphous structure. However, in application, 

these materials need to be rolled into sheets or stamped into complex stator shapes. 

Companies such as Metglass have produced alloy systems that can form amorphous soft 

magnetic sheet material by rapidly quenching and rolling out into sheets simultaneously. 

While such nanocrystalline alloys have demonstrated property improvements, however, 

extreme brittleness has limited previous work on amorphous and nanocrystalline FeSi to 

laboratory scale methods such rapid solidification (RS), mechanical alloying (MA), and 

film growth [5], [11]–[13].  These methods produce flakes or powders too small to be of 

industrial use, and necessitate subsequent consolidation and annealing processes which 

reduce the benefits gained from the nanoscale engineering.  

Given the challenge of retaining beneficial properties enabled by the nanocrystalline 

state, it is critical that alternative approaches be investigate which facilitated retention of 

nanoscale features. The spark plasma sintering (SPS) process has been shown to densify 
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powders and retain the nanoscale features [14]. Surface diffusion, the primary coarsening 

mechanism, has a low activation energy and at low temperatures is the most active 

mechanism [14]. The high heating rates and short time at temperature in SPS processing 

favor densification over particle coarsening because by quickly ramping temperature, the 

grain boundary and volume diffusion densification mechanisms become more dominant 

preventing excess particle coarsening [14]. Additionally the applied mechanical pressure 

can act to suppress grain growth, especially at high temperatures as additional 

densification mechanisms may be activated such as power-law creep [15]. The presence 

of an electric current also may enhance defect mobility enhancing densification [16]. 

MA and SPS process have been combined to successfully fabricate bulk nanocrystalline 

iron based alloys [17], [18]. However, extant literature review has revealed no attempt to 

synthesize nanocrystalline magnetic Fe-Si alloys via the MA and SPS approach.  

To address the issue of energy needs of tomorrow, magnetic materials are good place to 

consider. They effect a wide range of energy applications and industries. Of particular 

note are the magnetic materials present in power generation and transmission, and in 

electric motors. The soft magnetic materials present in these devices can be improved 

through modification of their microstructure. However, there is poor understanding of 

grain boundary characteristics effect on magnetic properties and the mechanism by which 

local chemistry effects bulk magnetic properties. The gaps in knowledge to be addressed 

are as follows: 
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• The role of kinetics and energetics in microstructural evolution during mechanical 

alloying [19]  

• Location of Si solute atoms in the Fe matrix [20] 

• Mechanisms for preservation of metastable microstructures in SPS [14] 

The work of this thesis is to explore these fundamental mechanisms and fill in some of 

the gaps in knowledge. These questions are investigated in a few model systems of FeSi 

alloys. To explore fundamental mechanisms by which the microstructure effects the 

magnetic properties, unique methods for production of bulk nanocrystalline soft magnets 

with rich and varied microstructure is utilized. Insight into these fundamental 

mechanisms and new knowledge of how microstructure relates to properties will enable 

future scalability and industrial use. 
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Chapter 1 

Microstructure and magnetic properties of dilute nanocrystalline Fe-Si prepared by high 

energy ball milling 

Trevor Clark, Suveen Nigel Mathaudhu 

Materials Science and Engineering; University of California, Riverside 

Abstract 

The microstructure and magnetic properties of nanocrystalline Fe-Si soft magnetic 

material fabricated by high energy vibratory milling are investigated. Fe-Si x wt.% (x = 

1.78, 3.51, 3.80, 5.08, 6.06, 6.98, 8.04) compositions are studied, with the 3.5 wt.% case 

being used as a model system to investigate effects of processing time. X-ray diffraction 

(XRD) measurements indicate that the Si is fully in solution in the Fe lattice and no 

ordered phases are present. It is shown that microstructural evolution is accelerated 

compared with previously observed lower energy milling processes of iron-based alloys. 

It is also shown that magnetic properties are in disagreement with the formulas derived 

from the random anisotropy model, and explanations are provided for potential sources of 

this discrepancy in this and other reported work. 

Keywords 

high energy ball milling; mechanical alloying; nanocyrstalline; soft magnetic 
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Introduction 

Magnetic materials are critical in carbon neutral technologies such as clean energy 

production in the form of hydroelectric, and wind power generation. With the rising cost 

of critical rare earth permanent magnet materials, it is becoming more important to 

improve the performance and efficiency of rare earth free magnetic devices. Of 

immediate interest is the issue of core loss, which is an important metric in determining 

the efficiency of electric motors and generators.  

Soft magnetic materials are characterized by their low coercivity and high magnetic 

permeability[1], and in these materials, hysteresis loss can be the largest source of core 

loss in a device.  Some of the most common soft magnet materials are Fe-Si alloys, which 

are widely used as magnetic cores in electrical applications such as transformers and 

electric motors because of their excellent soft magnetic properties [2]–[4]. The addition 

of Si into Fe not only results in a reduced magnetic anisotropy and coercive force, but 

also increases electrical resistivity, and therefore reduces eddy current loss [5]. However, 

Fe-Si alloys containing more than 6.5 wt. % silicon are brittle and difficult to cold-roll 

and therefore are near impossible to obtain by conventional melting and casting 

production methods. When traditionally casting these high silicon alloys, two ordered 

phases are present: B2 and DO3 [6]. These ordered phases cause embrittlement by 

hindering of dislocation movement, and they also reduce the magnetic performance due 

to the ordered positions of the Si in the lattice [7], [8].  
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It has been reported that by engineering the grain size to the nanocrystalline regime, the 

hysteresis loss can be reduced through lowering of the coercivity [9], [10].  

Nanostructured or nanocrystalline material have different physical properties than non-

crystalline, single-crystalline, and oligocrystalline materials, such as increased strength, 

hardness, and control of magnetic coercivity[9], [11]. The unique properties of 

nanocrystalline soft magnets occur when the crystallite size is less than the ferromagnetic 

correlation length (typically 20-40 nm)[12]. This allows the magnetic coupling of 

neighboring crystallites and produces an averaging effect of local magnetic anisotropies 

leading to a significant reduction in magnetic anisotropy. These nanocrystalline Fe-Si 

alloys often exhibit considerably improved properties, including mechanical properties, 

electrical resistivity, thermal conductivity, and soft magnetic properties over coarse-

grained polycrystalline materials [9], [13]. One way of achieving such nanostructures is 

through mechanical alloying (MA), which consists of elemental or pre-alloyed powder 

particles milled with media (usually stainless steel balls.) These particles undergo severe 

deformation and have stored energy in excess of that in an equilibrium/stable structure 

[14], [15]. This excess energy can allow for enhanced solubility of Si in Fe, and favors 

the preferred disordered crystal structure over the detrimental brittle ordered phases [16], 

[17]. Higher energy mills such as shaker or vibratory mills have a high frequency of 

highly mechanical frontal impacts compared to lower energy planetary mills that have 

much lower frequency of impacts and higher fraction of tangential collisions that produce 

more heat [14], [15]. The high energy ball mills can allow for more stored energy 

resulting in and quicker processing times [18]. This has been shown to be a scalable way 
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of producing nanostructured, supersaturated fully-alloyed powders [15], [19]–[23].  For 

the Fe-Si system, literature has reported on the planetary milling and its ability to make 

supersaturated solid solutions [20], [21], [23].  

In this work, we aim to synthesize a range of Fe-Si alloys using mechanical alloying to 

obtain a high Si concentration and small grain size, and to explore the role of process 

parameters on the resulting microstructure and magnetic properties. In order to explore 

the role of processing parameters, the Fe 3.5wt.%Si alloy is used as a model system. 

Unlike prior studies which have utilized lower-energy ball milling [16], [20], [21], [23]–

[25], this work will implement high energy shaker mills and analyzes both the effect of 

time and alloy content on magnetic and structural properties. More specifically, the 

effects of milling time and Si concentration on the morphological, structural, and 

magnetic properties of the powder are presented and discussed.  

 

Materials and Methods 

In this experiment, iron powder (325 mesh, 99.8 wt% purity) and silicon powder (325 

mesh 99.0 wt% purity) (Atlantic Equipment Engineers) were mechanically alloyed. 

Powders were mixed in compositions of Fe-Si x wt.% (x = 1.78, 3.51, 3.80, 5.08, 6.06, 

6.98, 8.04) with the 3.5 wt.% case being used as a model system to investigate effects of 

processing time. Milling loads were 5.0 g of powder and 50 g of ¼ inch 440C stainless 

steel balls packed into a 65 mL 440C stainless steel vial under argon atmosphere. No 
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process control agent was used. Powder was milled in a SPEX 8000D high energy shaker 

mill for 5, 10 15, and 20 hours with a duty cycle of 15 minutes on and 5 minutes off to 

prevent excess heat buildup. The inner surface of the milling vial and the balls were pre-

coated with elemental iron beforehand in an attempt to limit contamination from 

chromium in the stainless steel.  

To determine crystallite size, lattice strain, and lattice parameter, powder specimens were 

analyzed by a Rigaku Miniflex 600 X-ray diffractometer (XRD) on an air sensitive 

holder with zero background substrate using Cu Kα (λ = 0.15405 nm) radiation from 36-

120° 2θ. The Williamson-Hall method was used to estimate crystallite size and lattice 

spacing. Magnetic coercivity, saturation, and hysteresis were measured with a 

MicroSense vibrating sample magnetometer (VSM) with maximum magnetic field of 2.3 

T. Microstructure and powder morphology were investigated using a FEI NovaNano 450 

scanning electron microscope (SEM).  

 

Results and Discussion 

Morphology 

During mechanical alloying, powder particles undergo severe mechanical deformation 

and are repeatedly deformed, cold welded, fractured and rewelded [15]. Fig. 1.1 shows 

SEM micrographs of the starting (Fig. 1.1a and b) iron and silicon powders respectively. 

The iron powder was produced by gas atomization and has a characteristic pitted and 
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rounded surface. The silicon powder has a mixture of larger faceted particles and smaller 

particles. The effect of milling time on the alloyed powder morphology was investigated 

on Fe 3.5 wt. % Si, and it is observed that after mechanical alloying (Fig. 1.1c) the 

powder is more uniform in shape and size. The mechanically alloyed powder surface 

shows characteristic signs of cold welding and fracture sites. The brittle Si powder 

fractures much more than the comparatively soft Fe, with the Si then diffusing into the 

lamella structures of the metal powder. These lamella-like structures are shown in Fig. 

1.2, and are characteristic of cold welding, with the large cracks showing fracture. Longer 

milling times were observed to produce a more uniform size distribution of particles (Fig. 

1.3). 
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Figure 1.1 SEM micrographs of (a) as-received Fe, (b) Si, and (c) mechanically alloyed 
FeSi 3.5 wt % 
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Figure 1.2 SEM micrographs of lamellar structure and agglomerated particles of FeSi 3.5 
wt% milled for (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20 h. The arrows in the figure indicate 
large particle fracture sites (a, b, d) and lamella (c). 
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Figure 1.3 Particle size distribution of mechanically alloyed Fe 3.5 wt. % Si milled for 5, 
10, 15, and 20 hours 
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Structural properties 

X-ray diffraction patterns (Fig 1.4.) of the powders at various stages of milling show 

BCC Fe peaks, and no presence of Si peaks after 5 hours of milling and on. This indicates 

that the Si may have dissolved into the BCC Fe solution and a solid solution of BCC-

Fe(Si) has formed. Peaks are broad and have diminished intensity and peak width and 

intensity appears constant after 5 hours of milling. There is no presence of the 

superlattice peaks of D03 phase indicating that no ordering of the Si is occurring. The 

crystallite size also appears to be constant after 5 hours of milling (Fig. 1.5). This is a 

relatively short time to steady-state compared to literature which reports times of 40 h 

and 24 h [20], [25], [26]. More collisions and a higher differential velocity in collisions 

seen in shaker mills may increase the rate of cold welding and fracture events leading to a 

reduced time to steady state [14], [15], [18].  More specifically, the powders may be 

reaching a steady-state after this shorter milling time because of the increased energy of 

the shaker mill as compared to the planetary ball mills and attritor mills used in other 

studies[18], [20], [23], [25], [27]. Perez et al. show that for the FeBSi system 

mechanically alloyed by SPEX mill, the grain size reduces to 90 nm after only 0.5 hours 

of milling and reaches minimum grain size of 12 nm after 4-8 hours [17]. 
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Figure 1.4 X-ray diffraction spectra of mechanically alloyed Fe 3.5 wt. % Si milled for 5, 
10, 15, and 20 hours 
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Figure 1.5 Crystallite size of Fe 3.5 wt. % Si after 5, 10, 15, 20 hours of milling 

A range of alloys with different Si concentration were prepared the same via mechanical 

alloying process, and 5 hours of milling. Figure 6 shows the x-ray diffraction spectra. 

Each spectrum lacks the peaks for Si, indicating that the Si is likely in BCC-Fe solution. 

The lattice parameter (Fig. 7) shows a general decrease in spacing with increasing Si 

content. Si has a similar, but slightly smaller radius to Fe, and substitutes Fe to occupy 

the same lattice sites, and this could be responsible for the decreased lattice parameter 

[7].  The crystallite size appears be minimally, affected, if at all, within the reported range 

of Si content (Fig. 1.7). Bahrami and colleagues have also shown that crystallite size, 
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calculated by Williamson-Hall method to be approximately 20 nm, is constant with Si 

content in Permalloy over 5 at. % after planetary milling has reached steady-state [22].  

 

 

Figure 1.6 X-ray diffraction spectra of FeSi alloys with Si wt. % 1.78, 3.51, 3.8, 5.08, 
6.06, 6.98, 8.04 
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Figure 1.7 Unit cell parameter (squares) and average crystallite size (circles) of 
mechanically alloyed FeSi alloys 
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Magnetic Properties 

Saturation magnetization measurements show a decrease with increased milling time 

(Fig. 1.8). Previous studies have noted change in saturation with increased milling time 

[20], [21], [23], [28]. They have attributed this to increased contamination with milling 

time [17]. Common contaminants are from the steel media used during milling, Fe, Cr, 

and potentially oxygen [20], [23]. The saturation magnetization is also shown to  

decrease with increasing Si content (Fig. 1.9, which is consistent with diamagnetic Si 

ions neighboring Fe ones, thus reducing the overall magnetic moment [29]. 

The coercivity before milling is low because of the large grain-size in the initial Fe 

particles, and it increases after milling and remains at a near constant value with 

increased milling time. Coercivity, in general is affected by defects such as dislocations, 

grain boundaries, inclusions and voids. In polycrystalline materials, the coercivity is also 

affected by grain size because of the interaction of domain walls with grain boundaries. 

As grain size decreases, the larger volume fraction of grain boundaries causes an increase 

in coercivity due to boundaries impeding domain wall (Bloch wall) motion. However, the 

coercivity is greatly reduced as grain size decreases further. As the grain size approaches 

the ferromagnetic correlation length (20-40 nm for iron-based alloys [12]), randomly-

oriented neighboring grains produce an averaging effect on the magnetocrystalline 

anisotropy, effectively lowering it [12], [13], [30]. This means that the nanodomains offer 

less resistance to Bloch walls and coercivity approaches very low values [13]. Based on 

the random anisotropy model, the coercivity can be expressed as [31]: 
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Hc =
pck14D6

µ0MsA3 

Where pc is a constant of order unity, and µ0 is the permeability of free space. Other 

studies have observed disagreement with the coercivity values predicted by the random 

anisotropy model [[20], [23], [28]]. They have attributed this difference to high degrees 

of strain remaining in the lattice [28], which after annealing brings the coercivity more in 

line with that predicted by this model [20], [32].  
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Figure 1.8 Magnetic saturation and coercivity of Fe 3.5 wt. % Si with milling times 0, 5, 
10, 15, 20 hours 
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Figure 1.9 Magnetic saturation and coercivity of mechanically alloyed FeSi alloys 

The coercivity values as a function of Si content are all similar (Fig. 1.9), and are larger 

than the values on the order of 0.1-1 Oe predicted by the random anisotropy model [12]. 

In addition to the lattice strain previously described, underestimation of the grain size and 

uniformity can also impact the coercivity. As described by Li et al, grain size, grain size 

distribution as well as grain boundary chemistry can affect coercivity [28]. If grain size is 

underestimated by x-ray diffraction, then there will be an observed lesser effect on 

coercivity than expected. X-ray analysis also provides an estimated average grain size 
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where there can be a distribution of grain sizes. The grains larger than 20-40 nm will not 

contribute to reducing magnetocrystalline anisotropy and thus there will be a reduced 

effect on minimizing coercivity. 

There may also be some contribution of grain boundary characteristics to the increased 

coercivity that are not being accounted for by this model, for example, segregation of the 

solutes to boundaries that may inhibit magnetic coupling between neighboring grains. 

The degree of exchange interaction between grains depends on the thickness and 

magnetic structure of their interface at the grain boundary, with narrow grain boundaries 

resulting in a highly-coupled exchange interaction between neighboring grains [12]. If the 

grain boundaries are occupied by a nonmagnetic or less magnetic elements such as Si, it 

is possible to reduce the effects of the exchange interaction and random anisotropy.  

 

Conclusion 

Mechanical alloying of elemental Fe and Si powders resulted in a disordered BCC solid 

solution as indicated by XRD measurements. Increased milling time reduces the particle 

size, and the particle size distribution becomes narrower. Grain size decreases to about 15 

nm after 5 hours of milling and remains constant with increased milling times. Increased 

milling time also reduces the saturation magnetization. This is due to contaminants being 

introduced from the stainless-steel media.  
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Increased Si content above the equilibrium saturation concentration does not result in any 

formation of detrimental D03 ordered phase. The grain size is constant with increasing Si 

content after 5 hours of milling. The small change in Si concentration examined does not 

affect the minimum grain size. The magnetic saturation decreases with increasing Si due 

to its diamagnetic nature lowering the average atomic magnetization. 

Coercivity measurements are higher than predicted from the random anisotropy model 

and measured grain size due to high lattice strain and imprecision of grain size 

calculation using x-ray analysis.  

This work shows that soft magnetic powders can be mechanically alloyed with refined 

nanocrystalline microstructure in much faster times than previously reported via the use 

of high-energy mixing approaches.  These findings lead us to hypothesize that higher 

energy ball milling can lead to similar microstructure and magnetic properties to those 

reported by lower energy processes after longer processing times. The processing-

structure-properties relationships discussed here will be useful for further research into 

nanocrystalline soft magnetic materials in applications such as electric motors, inductors, 

and transformer cores.  
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Chapter 2 

Chemical Segregation in severely plastically deformed iron silicon 

Trevor Clark, Xiujuan Jiang, Nicole Overman, Arun Devaraj, Suveen Mathaudhu 

Abstract 

The unique coercivity behavior observed in amorphous and nanocrystalline soft magnetic 

materials can be understood to be dependent on local crystallographic ordering distance 

based on the random anisotropy model grain size. However, the model fails to address 

other structure sensitive properties such as permeability, and domain wall motion, which 

can be affected by local anisotropy variations due to compositional variation or defects. 

Because of the convolution of magnetic and structural information in transmission 

electron microscopy, an understanding of how magnetic domains interact within complex 

nanostructured bulk samples with many types of defect interactions has proven difficult 

to probe. Here, an amorphous/nanocrystalline Fe based alloy with a rich variety of 

defects has been synthesized. High resolution chemical mapping and correlated structural 

data is collected to gain insight on fundamental mechanisms of domain-defect 

interactions. Aberration-corrected scanning transmission electron microscopy, Lorentz 

transmission electron microscopy and atom probe tomography analysis methods are also 

used to correlate magnetic domain behavior with specific nanoscale defects and features.  
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Introduction 

With increasing concerns over global warming and meeting rising demand for energy, 

there is large research interest in developing energy saving and carbon neutral 

technologies. Clean energy production in the form of hydroelectric and wind power 

generation as well as more efficient use of generated energy are two ways to address the 

increasing consumption of energy. A significant amount of energy is lost in generation, 

transmission, and distribution; these losses including hysteresis and eddy current loss can 

be greatly reduced by developing soft magnetic materials with improved properties. Fe-Si 

alloys are widely used in magnetic core applications such as transformers, electrical 

generators and motors because of their high saturation flux density, permeability, and low 

coercivity [1]–[4]. Nanocrystalline and amorphous materials can exhibit some 

significantly improved properties compared to their coarse grained/crystalline 

counterparts including improvements in coercivity, permeability, and resistivity with the 

enhancement of these properties as grain size is reduced explained by their changes in 

local magnetocrystalline anisotropy [5]–[8]. 

Amorphous and nanocrystalline soft magnetic alloy ribbons have been produced via far 

from equilibrium processing techniques like melt spinning and high energy ball 

milling[9]–[12].  Rapid solidification methods utilize very high cooling rates to lock in 

non-equilibrium microstructures with subsequent annealing to produce nanocrystalline 

grains [12]–[15]. High energy ball milling is also used to produce these amorphous and 

nanocrystalline microstructures with supersaturated solutions [9], [11]. The random 

anisotropy model predicts the coercivity from grain size for nanocrystalline soft magnetic 
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alloys such as Finemet, Hitperm, and Nanoperm [16]–[18] which are produced via rapid 

solidification. However, iron silicon alloys produced by high energy ball milling have 

reported anomalously high coercivity versus the predicted values based on the grain size 

and model [19]–[24]. Some proposed factors to account for this difference include latent 

stress and strain in the lattice from the extreme deformation [19], [20], grain boundary 

character and local chemistry [25]. Mossbauer studies indicate that solute content 

influences the number of Fe nearest neighbor and next nearest neighbor interactions 

which effect local magnetic field and crystal structure [26]. High pressure torsion is a 

technique that has been used to densify powders into bulk state sometimes while also 

further reefing grain structure [27]–[30].  

It is understood that the local magnetocrystalline anisotropy dictates the energy required 

for magnetic domain alignment which effects the bulk coercivity. However, the 

mechanisms by which this magnetocrystalline anisotropy is effected by local chemical 

and microstructure is not understood. The broader implication of this work is to make 

possible the exploration of fundamental physical interactions between nanoscale defects 

(such as grain boundaries, solute segregation, dislocations and voids) and the saturation 

magnetization, permeability and coercivity in novel bulk FeSi nanostructured soft- 

magnets. This knowledge could be harnessed to enable unprecedented improvements in 

magnetic properties and performance. 
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Experiment 

Iron silicon 3.5 wt % was prepared via mechanical alloying in high energy ball mill and 

followed by densification via high pressure torsion. High purity elemental powders 

(Atlantic Equipment Engineering) of iron (-325 mesh, 99.8 wt% purity) and silicon (-325 

mesh, 99% purity), were combined under argon atmosphere in 65 mL 440C stainless 

steel mill jars. Milling loads were 5.0 g of powder to 50 g of quarter inch 440C stainless 

steel balls with no process control agent. Powder was milled for 5 hours in a SPEX 

8000D shaker mill to fully alloy the powder. Cyclic milling was done at 15 minutes of 

milling for 5 minutes of rest to prevent excess heat buildup. Milling containers were pre-

coated with iron to limit contamination. Green compacts were made by uniaxial 

compression under 300 MPa to form 10 mm x 1.4 mm discs. This powder is then 

densified using a second far from equilibrium, solid state, severe plastic deformation 

process; high pressure torsion. The specimen produced by this process is a 10 mm 

diameter by 1.2 mm thick with excess material forming flash around the die. 

Dislocation characterization and grain size measurement were performed using FEI Titan 

300 transmission electron microscopy (TEM) at 300 kV accelerating voltage. TEM 

samples were taken from the polished cross section of the HPT disc and prepared via a 

FEI Quanta dual beam focused ion beam (FIB) using the lift out method. High resolution 

chemical characterization was done by atom probe tomography (APT). APT needles were 

also prepared via FIB lift out and polishing with Ga ions. The ion beam thinning was 

carried out in multiple steps, beginning with 30 kV ions and ending with 5 kV ions to 

reduce surface damage caused by higher energy ions[31]. The final needle tip diameter of 
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the atom probe specimen was 50-80 nm. The APT experiments were carried out in 

voltage evaporation mode with 25% pulse fraction and 200 kHz frequency at sample 

temperature 40 K and evaporation rate of 0.5% using LEAP 400XHR local electrode 

atom probe system from CAMECA Instruments Inc. Reconstruction of the APT data was 

performed using IVAS software and the needle specimen’s tip profile and shank angle 

were determined using a high magnification SEM image taken after final ion polishing. 

 

Results and discussion 
Magnetic Properties 

Magnetic properties were probed using a vibrating sample magnetometer to produce 

magnetization hysteresis curves. A cubic sample of 1 mm side length was cut from the 

outside radius of the HPT disc and measured in the transverse, radial, and through 

thickness directions. The magnetic hysteresis curves for transverse and through thickness 

are similar where the radial curve departs much further (Figure 2.1). This anisotropy in 

the magnetic properties indicates that there is a similar anisotropy in the microstructure. 

The maximum magnetization of about 212 emu/g is in agreement with reported values 

for this alloy [1], [2], [24], [32]. The coercivity is around 10-12 Oe is an order of 

magnitude higher than reported values for nanocrystalline alloys of similar composition 

prepared via rapid solidification [10], [17], [18], however it matches well with those 

prepared via high energy ball milling [25], [26], [33]. In the magnetic hysteresis curve, it 

is observed that the material saturates with lower applied field in the radial direction. This 

indicates that there is an anisotropy factor to the properties. The intense uniaxial pressure 
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and torsion applied during the process may be applying a mild texture to the grains [34]–

[36]. Anisotropy in the properties is not a negative outcome for applications as 

magnetically active materials are almost always used in a fixed direction which can be 

aligned with the direction of ideal properties. 
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Figure 2.8: Magnetic hysteresis curve for radial and through thickness of the HPT 
processed disc. Inset top left is table showing maximum magnetic saturation and 
coercivity, lower right inset is region of loop showing field required for reversal. 
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Microstructure 

Initial powder is prepared by mechanical alloying elemental iron and silicon. This far 

from equilibrium processing produces micrometer scale powders with a highly strained 

nanocrystalline microstructure (Figure 2.2a-c). The powders show characteristic features 

from ball milling, namely cold welding and fracture sites with both very small particles 

and collections of larger agglomerates. After HPT (Figure 3.2d) this disc is 99% of the 

theoretical density of Fe 3.5 wt. % Si. In Figure 2.2d, surface is observed to have shear 

patterns where the die applied torsional stress to compact the mechanically alloyed 

powder precursor material. The combination of mechanical alloying and high-pressure 

torsion processing can result in persistently metastable microstructural features. 
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Figure 2.9a) SEM micrograph of as milled powders, b) powder showing sites of cold 
welding and fracturing, c) particle size distribution of milled powders, d) HPT processed 
disc in cross section (top) and halved (bottom) 
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TEM observations reveal a nanocrystalline grain size and a high concentration of 

dislocations (Figure 2.3). The grains appear to be equiaxed and average 100 nm is size 

(Figure 2.3b). Also present are nanopores. This is an order of magnitude larger than grain 

sizes for materials processed only by ball milling [19], [20], [33], but matches well with 

alloys prepared only via HPT [37], [38]. The smaller grains are generated during the 

mechanical alloying process where repeated high energy collisions result in a heavily 

refined microstructure. The subsequent high pressure torsion processes leave the grains 

with a high degree of strain as observed in the dislocation dense TEM (Figure 2c,d). In 

Figure 2c the central grain is examined in two beam condition to analyze the dislocations. 

Dislocation contrast highlights networks of features with spacing of 5-10 nm apart. 
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Figure 2.10a) Dark field TEM showing nanoscale grains and high density of dislocations, 
b) grain size distribution of as HPT processed Fe 3.5 wt. % Si, c) bright field TEM with 
inset diffraction pattern d) magnified area of c) in dark field TEM two beam condition 
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Atom probe 

To investigate the chemistry of grain boundaries and defects, APT measurements were 

performed on HPT processed samples. APT analyzed a 3D volume of 40.13 x 39.94 x 

56.25 nm and Figure 3.4 shows the elemental distribution in the alloy. Chromium, 

manganese, carbon and oxygen appear as contamination from the ball milling process. 

The milling media is 440C stainless steel for which the primary alloy components are 

chromium and manganese. Attempts to limit exposure to oxygen pickup are taken in 

handling the powders; they are milled in Ar environment and pressed into a green 

compact in a glovebox of Ar atmosphere. The green compact is exposed to oxygen 

during the HPT process. The atom probe tip is also exposed to oxygen briefly after FIB 

preparation. Attempts to remove this surface oxygen from the APT measurement are also 

made. A preliminary evaporation step to remove the first few layers of atoms while in the 

atom probe is excludes this oxygen from the measurement.  

Two distinct planar interfaces identified as grain boundaries are highlighted in the 

reconstruction. It is clearly observable that Si (blue) is segregating to regions where Fe 

(pink) is displaced. Figure 2.4 depicts the reconstruction with only Si ions shown from 

side view (a) and top down view (b). A proximity histogram (Figure 2.5) is generated 

across the interfaces to determine the segregation of the elements to the grain boundaries. 

The scale bar is in atomic concentration for which the nominal amount of silicon is 

approximately 6.5 at. %. The Si concentration peaks within the grain boundary at a value 

of 15.4 at. %. 
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Above 11.5 at. % the equilibrium phase diagram indicates that the Si in the bcc αFe 

becomes ordered [39]. This brittle D03 phase as well as Fe3Si may form with sufficient Si 

concentration [3], [39], [40]. These phases have a higher coercivity and reduced 

saturation compared to the bcc αFe phase [20], [22], [33], [39]. The high volume fraction 

of grain boundaries in the nanocrystalline alloy along with the increased amounts of 

silicon in grain boundaries may negatively affect the bulk coercivity. There may be an 

additional effect that the Si rich boundaries are acting to magnetically shield neighboring 

grains. 

This increased Si in the grain boundaries may also be acting to reduce the degree of 

exchange interaction between grains. Additionally, the magnetocrystalline anisotropy (k) 

is dependent on Si content; silicon concentrations above 12.1 at. % will have reduced k 

values [1], [2]. 
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Figure 2.11 a) APT reconstruction side view of silicon ions with grain boundaries 
highlighted, b) top down view of silicon ions with grain boundaries highlighted, c) APT 
reconstruction with all elements and each element individually 
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Element Atomic % measured Atomic % expected 

Fe 93.01% 93.27% 

Si 6.47% 6.73% 

Mn 0.11% - 

Cr 0.06% - 

C 0.02% - 

O 0.01% - 

Table 2.3 Elemental concentrations by atomic percent of the APT analyzed volume in 
HPT processed FeSi and the expected values based on mechanical alloying precursors. 
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Figure 2.12 a, b) APT 2D concentration color maps for Si over grain boundary 1 (a) and 
2 (b) sample thickness is 1 nm, blue is low atomic concentration and red is high atomic 
concentration, scale in at. %. c, d) 1D concentration profile of Si across grain boundary 1 
(c) and grain boundary 2 (d)  
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A separate atom probe tip is prepared and a region free of grain boundaries is examined. 

There is a visible segregation of the Si even within a single grain. The scale and 

distribution of the high concentration regions matches with the dislocation cell 

distribution observed in TEM. The spacing between nodes in the cell network is about 5-

10 nm, and this suggests that the Si is segregating along these crystal defects. 

 

Figure 2.13 a) Bright field TEM of atom probe tip with APT analysis volume highlighted, 
measured with diffracted beam to be a single crystal region, b) 1 nm thick slice of atom 
probe reconstruction with Si ions shown c) 2D color concentration map of Si, red is high 
atomic concentration and blue is low atomic concentration 
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Conclusion 

High-pressure torsion produces a dense sample from high energy ball milled Fe 3.5 wt. % 

Si powders. This compact has nanocrystalline structure with nanopores and a high 

density of dislocations and strain from processing. The microstructure produced after 

HPT have a larger grain size than materials processed only by high energy ball milling. 

The resultant compacted discs also have anisotropy in their magnetic properties 

suggesting a degree of texture in the crystal structure.  

The magnetic properties agree with saturation magnetization and coercivity from reports, 

and similar disagreements with the random anisotropy model are observed. However, an 

additional explanation for contributions to the deviation is suggested. There is 

segregation of alloy elements that are migrating to grain boundaries and dislocation cell 

nodes. This local chemistry gradient can affect the lattice strain and magneto-elastic 

properties which further effect the bulk magnetic properties.  

 This work shows that there is local segregation of Si in Fe both within grain boundaries 

and within intragranular regions when processed by high energy ball milling and HPT. 

The findings lead us to hypothesize that the local chemical and crystallographic ordering 

may be an additional contributor to the magnetocrystalline anisotropy that dictates the 

bulk coercive behavior of nanocrystalline soft magnets. 
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Chapter 3 

Spark plasma sintering of nanocrystalline iron silicon alloys 

Trevor Clark, Xiujuan Jiang, Nicole Overman, Suveen Mathaudhu 

Abstract 

The unique and diverse nanostructures produced by mechanical alloying and subsequent 

densification by spark plasma sintering are investigated for soft magnetic Fe-Si alloys. 

Elemental powders were mechanically alloyed in a high energy SPEX ball mill, then 

densified into a bulk part via spark plasma sintering. In the milled powders the scale of 

the nanostructures decreased with increasing milling time and Si alloying amount. The 

magnetic properties of the alloys follow the trends of large-grained counterparts with 

changing amounts of Si, but with enhanced coercivity. Densified materials retain 

nanoscale structures with a slightly relaxed lattice as compared to the highly-strained 

state following ball milling. Higher densification temperatures result in denser and harder 

materials however also exhibit a higher degree of grain growth. Grain orientation is 

observed in the magnetic hysteresis due to the uniaxial pressure applied during spark 

plasma sintering. The changes in magnetic behavior don’t follow the expected trends 

predicted by the random anisotropy model and the high lattice strains and interactions 

between magnetic domains and the high concentration of defects are proposed to be the 

cause of this disagreement. 
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Introduction 

Soft magnetic materials, widely used in motors, transformers and power electronics, are 

in need of further development due to increasing demand for energy conservations and 

wide band semiconductors applications[1, 2]. Amorphous and nanocrystalline alloys 

continue to be the ultimate goal in soft magnets applications due to their superior soft 

magnetic behavior, including low coercivity and reduced magnetostriction[3, 4]. The 

resultant magnetic properties are highly dependent on the grain scale and surface 

morphology[5, 6].  

While a majority of the research in producing nanocrystalline magnetic materials 

employs melt spinning techniques[7], attention has also been given to nanostructured 

powders as a precursor for bulk production[8, 9]. Mechanical milling/ball milling, 

combining cold welding, fracture and re-welding mechanisms, can result in refined grain 

size and provides a great leverage for microstructural control[10, 11].  

Research efforts have been made in the production of Fe-based soft magnetic materials 

through mechanical milling. For example, mechanical alloyed Fe-B [12], Fe-Si [13-16], 

Fe-Ni [17] and Finemet [18-20] showed structural advantages such as more uniform 

microstructure and smaller grain size compared to their ribbons counterparts. In addition, 

the effects of Al [21] and Cr dopant [22, 23] on the magnetic properties of FeSi have also 

been studied showing a decrease of saturation magnetization, as expected. It is found that 

internal stress [24], the grain boundary condition [18], grain size distribution, and 

annealing [25] all affect the magnetic properties.  
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In this research, we focus on Fe-Si based materials and study the grain size refinement, 

structural evolution as well as the magnetic properties of FeSi (4 wt.% Si) alloy 

fabricated by a high-energy ball milling technique. It is therefore the purpose of this 

study to investigate the magnetic properties and microstructural changes, with a particular 

eye towards comparison with conventional processing approaches. 

 

Materials and Methods 

In this experiment, iron powder (325 mesh, 99.8 wt% purity) and silicon powder (325 

mesh 99.0 wt% purity) (Atlantic equipment engineers) were mechanically alloyed and 

densified. Powders were mixed in compositions of Fe-Si 4 wt%. Milling loads were 5.0 g 

of powder and 50 g of ¼ inch stainless steel balls packed into a 65 mL stainless steel vial 

under argon atmosphere. No process control agent was used. Powder was milled in a 

SPEX 8000D high energy shaker mill for 5 hours and a duty cycle of 15 minutes on and 5 

minutes off to prevent excess heat buildup. The inner surface of the milling vial and the 

balls were precoated with elemental iron beforehand to minimize contamination from 

chromium in the stainless steel.  

To determine densification temperatures milled powder was densified using a Fuji Dr. 

Sinter - Lab SPS into 10 mm diameter by 2 mm thick discs. Processing temperatures 

were ramped to at a rate of 150 °C/min, and held at 650, 750, 850, or 950 °C for 1 

minute, all under uniaxial pressure of 50 MPa within a vacuum environment. Additional 
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densification experiments were carried out at ramp rates of 150 °C/min and 1000 °C hold 

temperatures with hold for 3 minutes to ensure maximum density. 

Microstructure and phases were characterized by PANalytical Empyrean Series 2 X-ray 

diffractometer (XRD) using Cu k-α1 radiation. Grain size was determined using 

Scherrer’s equation:  

D =
Kλ

βcosθ
 

where D is the average crystallite size, K is shape factor taken to be 0.9, λ is wavelength 

of copper k-α1 radiation, β is the full-width-half-maximum of the peak in radians, and θ is 

the 2θ location of the peak in degrees.  

Relative density was determined by Archimedes measurements and compared to 

theoretical full density calculated by rule of mixtures. Hardness was measured using a 

Phase II Vickers microhardness tester using a 1 kg load with dwell time 10 seconds.  

An FEI NovaNano 450 scanning electron microscopy (SEM) was used to analyze surface 

porosity and grain structure.  

An FEI Tecnai T12 transmission electron microscope (TEM) was used to confirm grain 

size approximations made via x-ray diffraction. TEM samples were prepared by focused 

ion beam (FIB) milling foils approximately 10x10x0.1 μm from the cross section surface 

of densified samples. 
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Magnetic characterization was carried out using a MicroSense vibrating sample 

magnetometer (VSM) with a maximum magnetic field of 2.3 T. Powder was packed and 

coated under icosane, and bulk samples were sectioned into cubes and measured in the 

axial and transverse directions. 

 

Results and Discussion 
Densification 

To explore the densification behavior of the Fe 4 wt. % Si, a series of experiments were 

done using mechanically alloyed powder. From literature review [1] metallic materials 

produced via SPS densify at a homologous temperature of ~0.66. For Fe the melting 

temperature is 1538 °C (1811 K) which corresponds to a densification temperature of 933 

°C (1207 K). To prevent excess grain growth and to preserve as much of the 

nanocrystalline features produced by high energy ball milling as possible, the lowest 

densification temperature possible would be ideal. Thus, the SPS process is done in a 

temperature range from 650 °C up to 950 °C, and the final density is used as a metric to 

determine when densification occurs. A relative density of 94% was achieved at a SPS 

temperature of 950 °C and 1000 °C (Figure 3.1). 
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Figure 3.14 Relative density for different SPS hold temperatures, with ramp rate of 150 
°C/min, pressure of 50 MPa, and 1 minute of hold time 
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Hardness is also measured to characterize the structural properties of densified parts. 

Hardness is dependent on grain size, dislocation density, and relative density. It is used as 

an indirect probe into completeness of densification. Hardness increases with increasing 

SPS temperature (Figure 2.2) and follows closely the trend seen in relative density 

(Figure 2.1). The difference in hardness between samples is largely accounted for by this 

difference relative density.  
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Figure 3.15 Hardness as measured from Vickers micro-indentation as a function of SPS 
hold temperature 
  



 62 

 

 

X-ray diffraction is used to probe phases and microstructure. X-ray spectra for as milled 

powder and after SPS (Figure 3.3) show only BCC Fe and no other phases. Peaks are 

broad and indicate nanocrystalline microstructure. After SPS processing the grain size 

increases, based on Scherrer’s analysis, from an approximated value of 10 nm to 20 nm. 
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Figure 3.16 X-ray diffraction spectra of as milled powder (blue) and after SPS processing 
(black) at 950 °C 
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During the SPS processing displacement of the crosshead is observed. The crosshead 

holds a constant pressure and will move as the powder thermally expands, contracts, and 

densifies. Figure 3.4 is the displacement-time curve for the mechanically alloyed Fe 4 

wt.% Si. Temperature (blue curve) ramps up at 150 °C/min and then holds at 1000 °C 

and finally cools. The corresponding black curve depicts the crosshead displacement over 

time. The force controller is set to hold a constant 50 MPa pressure for the 10 mm die and 

moves the crosshead to hold that pressure. As the powder material first thermally 

expands, the crosshead moves away giving more volume such that the pressure remains 

constant. As temperature increases to around 600 °C, the displacement trend changes, this 

is where densification begins. The crosshead squeezes closer together as the temperature 

continues to rise, then finally after all sintering is complete, thermal expansion once more 

takes over, until cooling where contraction is observed. The peak of the densification 

process is observed to occur around 800 °C. 



 65 

.

 

Figure 3.4 Densification curve for mechanically alloyed Fe 4 wt.% Si powder showing 
the displacement (black) and temperature (blue) through the SPS process. Displacement 
measures cross-head movement where negative is further apart and positive is closer 
together. The sample is cooled after the 3-minute hold. 
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The densification rate is a useful metric to see where the greatest change in displacement 

is. Densification is the first time-derivative of displacement and it is plotted against time 

in Figure 3.5. Also shown is the temperature curve to show at which temperature 

densification is occurring. We see that at 600 °C the densification rate becomes positive 

and peaks around 800 °C and then returning to zero at around 950 °C. These values are 

significantly lower than the nominal 0.66 homologous temperature empirical value. This 

underestimation may be caused by the high heating rate and dynamic temperature sensing 

of the SPS instrument. There exists a small gradient between where the temperature is 

measured and where the peak temperature actually is. The thermocouple probe sits in a 

well drilled into the die wall, as close to the powder material as it can be while 

maintaining a robust structure. The hottest part of the die is the area with highest current 

density. At the start this is typically the die wall where the current flows because the 

powder is not as conductive as the graphite, however as the metal becomes more dense 

the current path shifts to through the center of the metal. As a result the temperature 

measured at the probe at high ramp rates and higher temperatures; can deviate from the 

actual temperature in the metal.    
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Figure 3.5 Densification curve for mechanically alloyed Fe 4 wt.% Si powder showing 
the densification rate (black) over time compared to temperature (blue) 
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Microstructure 

Transmission electron microscopy is used to confirm the grain size of the SPS processed 

material at 950 °C estimated using the Scherrer’s x-ray analysis method (Figure 2.6). The 

grain sizes measured here are in the 20-50 nanometer range, and grains are rich in 

dislocations and imperfections. These grains are larger than the the Scherrer’s estimation 

values. Some of the grains are also larger than the critical length (~30 nm) [2] for this 

material. Selected area diffraction reveals well defined rings characteristic of 

nanocrystalline material. The ring spacing corresponds to BCC iron. The heat from the 

SPS process appears to be enough to grow grains but not fully relax the strain left in the 

microstructure during the severe deformation in the mechanical alloying. 

 

Figure 3.6 TEM of FeSi 4 wt. % processed by mechanical alloying and SPS 
densification. a) TEM micrograph showing grains on the order of 20-50 nm and 
protective Pt layer remaining from the FIB liftout process, b) SAED away from Pt 
showing ring diffraction pattern 
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Figure 3.17 Visible light micrographs of SPS consolidated ribbons, a) produced with 
wheel speed 30 m/s, b) wheel speed 40 m/s 
 
Magnetic Properties 

A vibrating sample magnetometer is used to probe the magnetic properties of the 

precursor and SPS processed materials. Of interest are the saturation magnetization and 

coercivity as shown in Table 3.1. Saturation magnetization remains constant within 

experimental error for all materials and is within the range of expected saturation for this 

concentration of Si. After processing, the coercivity increases. The increased coercivity is 

due to growth of the grains. In both cases there may be some residual strain in the lattice 

due to the pressure during processing. The room temperature yield point of Fe alloys (430 

MPa) [3] is much greater than the 50 MPa experienced during processing, however, the 

densified material may be deformed as it is weaker at elevated temperatures. 
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As milled 

  
After SPS     

  Magnetization 
(emu/g) 

Coercivity 
(Oe) 

  Magnetization 
(emu/g) 

Coercivity 
(Oe) 

        

Powder 
193 ± 6 20.5 ± 8 

 
center 199 ± 4 28.0 ± 1.0 

 
edge 194 ± 4 31 ± 0.1 

      

Table 3.4 Saturation magnetization and coercivity for precursor materials, after SPS 
processing for center and edge of disc 
 
Conclusion 

Spark plasma sintering is capable of densifying nanocrystalline powders while retaining 

the microstructure. Increasing processing temperature increases the density to a point. 

The temperature where most densification occurs is between 950 and 1000 °C. The 

highest rate of densification occurs at temperatures of approximately 800 °C. 

The magnetization before processing is consistent with values observed after processing. 

This indicates no large changes in chemistry or phases during the SPS process. Coercivity 

however increases during the SPS process. This is due to grains growing to 

disadvantageous sizes and shapes where magnetocrystalline anisotropy and shape effects 

contribute negatively to coercivity. 

Magnetic properties as well as microstructure change from the center to the edge of the 

densified disc. The center has a larger grain size. This is caused by the gradient in 
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temperature in the heating and cooling of the die. This gradient produces a change in 

microstructure and resultant change in magnetic properties as well. 

Future considerations include characterizing the local phases and elemental distribution 

across the disc to determine if that is effecting the bulk magnetic properties. These results 

lead us to hypothesize that a lower temperature hold with faster cooling rate may limit the 

extent of this gradient effect. 
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Conclusion 

The purpose of this thesis is to investigate fundamental relationships between processing, 

microstructure, and magnetic properties in the model soft magnetic FeSi alloy system. Of 

particular interest are the mechanisms of chemical segregation and ordering in relation 

with microstructure at the nanoscale. Also resulting from this work is insight into 

processing routes that offer promising potential in scalability for industrial applications. 

Knowledge of these fundamental mechanisms and relationships between processing, 

structure, and properties can impact future materials and address the future energy needs. 

High energy ball milling is a scalable method that produces powders with a rich 

microstructure that offers opportunity for fundamental study. Mechanical alloying 

resulted in a disordered BCC solid solution with micrometer scale, nanocrystalline, 

supersaturated powder alloys. The milling times effected the powder size and grain size, 

however compared to other lower energy ball milling methods, produced the saturated 

smallest grains at a shorter milling time. Long milling times introduced contaminants into 

the powder from the stainless steel milling media, as evidenced by the decrease in 

saturation magnetization. Coercivity measurements of these powders are in disagreement 

with the random anisotropy model indicating that there is a factor outside of grain size 

that is effecting the coercivity. It is hypothesized that lattice strain and grain boundary 

characteristics are effecting the magnetic properties.  

In order to densify the nanocrystalline magnetic powder into a bulk form more 

appropriate for application, spark plasma sintering was chosen. This tool offered a unique 
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way to produce a fully dense net shape part while retaining the advantageous 

microstructure obtained in the ball milling process. Increasing the processing temperature 

results in a higher density but at the cost of grain growth. Dense products are obtained 

when processing at 0.66 the homologous temperature, 950-1000 °C. Analysis of the 

densification curves reveals that the highest rate of densification, where sintering is likely 

happening most, occurs around 800 °C. At temperatures above 950 °C grains grow after 

SPS processing. Significant growth is observed at 1000 °C. After SPS processing 

saturation magnetization remains constant for all cases, indicating no large chemistry 

change in the process, however coercivity increases after processing. This indicates that 

grain size is changing into disadvantageous sizes and shapes. Additionally, for the higher 

processing temperatures there is a gradient in microstructure from center of disc to the 

outside. Grains are coarser and show directional recrystallization outwards from the 

center. This indicates that the cooling rate was not fast enough, and while the outer edge 

of the disc remained nanocrystalline the center stayed too hot for too long. A balance of 

time and temperature is needed to retain the nanocrystalline structure while also getting a 

dense part.  

Alternative ways to produce nanostructured dense parts also have been investigated. High 

pressure torsion is not a scalable technique, though the unique microstructure it produces 

does offer insight into fundamentals of how microstructure and magnetic properties are 

related. The bulk part is nanocrystalline, but has severely deformed grains rich with 

dislocations. High resolution chemical and structural characterization is carried out to 

gain unparalleled insight into local chemistry and structure. Transmission electron 
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microscopy combined with atom probe tomography reveal two new insights into 

nanocrystalline soft magnetic FeSi alloys. First, that the Si is segregating to grain 

boundaries. We see a depletion of Si in the bulk and a higher concentration in planar 

grain boundaries. We also see a dislocation network with 5-10 nm spacing between nodes 

that corresponds with a similar spaced change in concentration of Si atoms. This indicates 

that the Si is also segregating to these nodes. Despite bulk measurements showing no 

evidence of secondary phase formation, these concentration gradients can still negatively 

affect the magnetic properties. These local chemical and crystallographic gradients may 

be an additional contributor to differences in bulk magnetic behavior deviation from the 

ideal random anisotropy model. 

Future experiments could utilize these high resolution measurement techniques on a 

broader range of microstructures and materials to confirm presence and effect of the 

chemistry gradients at the nanoscale. Of particular interest are the amorphous soft magnet 

materials. Presence of the highly mobile B and higher concentrations of Si may produce 

different and unique microstructures. These fundamental insights will help to progress 

and develop magnet technology necessary to power the industrial society of the future.  
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