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ABSTRACT 

Microstructural design of soft magnetic CoFe – based alloys with targeted magnetic and 

electronic properties for transformer cores 

by 

Calvin Harris Belcher 

Master of Science in Materials Science and Engineering 

University of California, Irvine, 2021 

Professor Diran Apelian, Chair 

 

 

 As the world’s need for electrical power grows, so too does the need for more efficient 

transformers and transformer cores to properly transmit and store power across large grids and 

distances. There is also an additional need for transformers that are more resilient to events such 

as electromagnetic pulse (EMP) and geomagnetic disturbances (GMD).  The objective of this 

research is to use microstructural design approaches to develop CoFe – based soft magnetic 

materials for more resilient and efficient transformer cores. The studies presented here implement 

the use of non-equilibrium powder metallurgical processing techniques to design and fabricate 

microstructures necessary for efficient magnetic and electronic properties in transformer cores 

such as high saturation magnetic polarization and high electrical resistivity. The first study aimed 

to develop CoFe – P alloys with unstable nanocrystalline, solid solution microstructures and 

discusses the effect of a secondary intermetallic phase on the saturation magnetic polarization and 

electrical resistivity of the bulk alloy. Solid solution CoFe – P alloy powders were prepared by 

mechanically alloying metal powders; however, our results revealed the formation of a stable 

secondary phase occurred during spark plasma sintering (SPS) consolidation at relatively high 

temperatures. The magnetic properties of the precipitated intermetallic phase were found to be 

detrimental to the soft magnetic properties of the targeted CoFe – P alloy. In the second study, the 

columnar grain microstructures of additively manufactured CoFe are discussed with respect to the 
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magnetocrystalline anisotropy of the B2 ordered BCC CoFe structure. Additive manufacturing 

holds potential as a key manufacturing process for brittle alloys such as CoFe and the 

microstructural control of additive manufacturing processes can enable the development of 

textured CoFe alloys for more efficient soft magnetic properties. Despite the columnar grains, the 

magnetic behavior of additively manufactured CoFe alloys was measured to be isotropic. The 

isotropic magnetic behavior was attributed to randomly oriented columnar grains, not textured, 

which were attributed to the 90° hatch rotation parameter used during the additive manufacturing 

process. The final study assesses the microstructural development of a CoFe – based soft magnetic 

composite with a continuous non-magnetic Al2O3 phase fully intersecting CoFe phase particles to 

produce a composite with high saturation magnetic polarization and high electrical resistivity. The 

CoFe – Al2O3 composite was developed by coating CoFe particles with Al2O3 and subsequently 

consolidating them using spark plasma sintering. Upon consolidation at relatively high 

temperature, the CoFe was found to diffuse into the Al2O3 coatings at the particle boundaries and 

was attributed to low resistivity in the composite. However, at lower consolidation temperature, 

diffusion of CoFe was not observed and a high electrical resistivity was achieved, while 

maintaining a high magnetic polarization. Together, these studies represent effective 

microstructural design approaches to the CoFe system of materials to develop more efficient and 

resilient soft magnetic transformer cores.
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Chapter 1: Introduction to the design of soft magnetic materials for transformer cores 

1.1. Background on electrical transformers 

Buildings, transportation, and power grids around the world rely on power conversion devices 

such as transformers, motors, and inductors to convert electrical power. While motors convert 

electrical power to mechanical power and inductors transfer and store electrical power in circuits, 

transformers are necessary for converting electrical power by stepping up or down voltages 

between power generation, power transmission sources (e.g., high voltage power lines), and end 

user applications. To transmit power across miles of power lines, high voltages on the order of 

tens of kV are required, but most appliances in buildings and homes safely operate with low 

voltages on the order of one hundred V. Voltage steps across transformers are necessary to deliver 

lower voltages to end user applications on power grids while also allowing efficient, large-scale 

transmission of electrical power across miles of high voltage power lines.  

Fundamentally, transformers rely on the  application of Ampere’s Law to step up or down 

voltages [1]. A schematic of the typical design of a transformer core is presented in Figure 1 below. 

 

Figure 1. Schematic diagram of a transformer core, the induced magnetic flux, and the 

primary and secondary coils needed to step up or down voltages. 
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This schematic shows the transformer core, typically in a toroid or toroid-like geometry, and the 

primary and secondary coils wound of conductive wire. When stepping down voltage, the high 

voltage alternating current from power transmission lines is applied through the primary coil, 

which then induces a switching magnetic flux through the transformer core material. The switching 

magnetic flux, in turn, generates an alternating current in the secondary winding with a lower 

voltage ideal for the end user. To tailor an exact voltage step across the transformer, the number 

of windings in the primary and secondary coils can be varied. While varying the number of coil 

windings can finely tune voltage step adjustments, relatively large voltage steps require larger 

transformer cores to sustain the increased accompanying magnetic inductance [2]. Depending on 

the voltage step needed and the total volt-amp (VA) power rating of a transformer’s core material, 

a transformer can range from as small as the tip of a finger to as large as a room. The efficiency of 

a transformer is derived from the core’s ability to be magnetized and demagnetized, so the core 

must be made of a soft magnetic material. The term soft does not imply soft magnetic transformer 

core materials are mechanically soft, but instead refers to the core materials’ soft magnetism, 

meaning the direction of the magnetic polarity in the core can be switched back and forth with 

relative ease. This back and forth switching of the magnetic polarity is enabled by the relatively 

low magnetic coercivity, (Hc) or the ability to resist an external magnetic field, of soft magnetic 

materials and has driven their use in transformer cores. Ultimately, the world’s power grids rely 

on transformers and the properties of their soft magnetic cores to efficiently transmit, convert, and 

deliver electrical power across large distances.   

Currently, the limited efficiency of transformer cores is associated with significant electrical 

energy losses around the world. As of 2019, in the U.S. alone, 7% of electricity generated was lost 

to transmission and distribution, according to the U.S. Energy Information Administration (EIA) 
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[3]–[5]. According to Leary et al, the U.S. EIA documented energy losses from 1949 - 2010 cost 

a total of $25.8 billion in the U.S. and that number grows as demand for power also increases [6]. 

The high costs and energetic losses associated with transformer operation and soft magnetic 

transformer cores drives the need for novel core materials with improved efficiency.  

1.2. Properties of soft magnetic materials used as transformer cores 

Soft magnetic materials are used in the manufacture of transformer cores due to their ability to 

be magnetized and demagnetized. The measure of this property is known as coercivity, which is 

the amount of applied magnetic field needed to bring the induced magnetic field in the material to 

zero. As opposed to hard or permanent magnets which possess high coercivity values, soft magnets 

have a Hc less than the Earth’s magnetic field (Hc < 1000 A/m). The low coercivity of soft magnetic 

materials enables their use in transformers and other alternating current power conversion 

applications. The lower coercivity in a soft magnetic core material allows for energetically easier 

switching of the induced magnetic polarity and reduces the magnetic core losses associated with 

the applied field overcoming the coercivity in the core material [7], [8]. Achieving high 

permeability (µ) in soft magnetic materials also reduces magnetic losses during transformer core 

operation. The µ of a soft magnetic material is a measure of the total magnetic induction of the 

material, with respect to the applied field and is generally inversely related to Hc. The µ is often 

reported as a unitless relative permeability (µr), a ratio of µ to the permeability of free space (µ0). 

One of the other major sources of power losses in soft magnetic core materials is eddy current 

losses. Eddy currents are eddies, or loops, of electrical current produced in conductive materials 

by a switching magnetic field. Eddy currents can be produced by the induced magnetic field in the 

core material during operation and consequently take energy away from the magnetization 

processes in soft magnetic core materials. From Equation 1 below,  
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𝑃𝑒 ∝  
𝑑2𝐵2𝑓2

𝜌
,      (1) 

eddy current losses (Pe) are inversely proportional to the electrical resistivity (ρ) of the bulk 

material. B is the magnetic induction, f is the frequency of operation of the transformer, and d is 

the electrical domain size, or effective scale of eddy currents, and sometimes sheet thickness for 

laminated transformer core materials [9]. By increasing the resistivity of the bulk material, the 

production of eddy currents can be minimized, thereby minimizing eddy current losses. Typical 

soft magnetic cores have resistivity on the order of ~0.1 µΩ·m and increasing the resistivity of 

these materials by several orders of magnitude can reduce losses associated with power conversion 

and save billions of dollars annually [10]. Many soft magnetic material design approaches have 

been developed to achieve cores with high resistivity. For example, by laminating thin sheets of 

soft magnetic material, individual sheets are insulated from each other, effectively reducing the 

effective size of the eddy currents produced in the core. Despite these approaches, because most 

soft magnetic materials are metallic and contain high concentrations of ferromagnetic metal 

elements such as Co, Fe and Ni, they typically have low resistivity, posing a challenge to the field: 

to design a soft magnetic metal alloy with high resistivity. 

In soft magnetic transformer cores, an applied field from an alternating electric current induces 

the magnetic flux necessary for operation of the core. As the magnitude of the applied magnetic 

field increases, so too does the magnitude of the induced magnetic field in the soft magnetic 

transformer core. At a certain point, a saturation magnetization (Ms), or saturation magnetic 

polarization (Js), is reached, where the induced field in the soft magnetic material no longer 

increases with the magnitude of the applied field. From Equation 2 below,  

𝐽𝑠 =  µ0 ∙ 𝐵,     (2) 
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Js is calculated from the product of µ0, the permeability of free space, and B, the magnetic induction 

in the magnetic material [9]. The Js limits the amount of power that a given transformer core size 

can convert or sustain. With a higher Js, a transformer could perform with a higher power density, 

allowing that core to be manufactured in smaller sizes while still performing at the same power 

storage and conversion capacities. Typical Js values of transformer core materials are on the order 

of ~1.9 T. But by targeting a Js above 2.0 T, higher power densities in transformers and motors 

can be achieved, cutting manufacturing and raw material costs, and improving power conversion 

efficiency [7], [8], [11]. As shown in previous literature and in the Slater – Pauling relationship, 

the highest reported values of Js are obtained by CoFe based alloys with low concentrations of 

alloying elements due to their electron spin-orbit interactions [9], [10]. However, this alloy system 

has relatively low electrical resistivity and has driven much of the compositional space explored 

by transformer core research. In designing new, more cost efficient soft magnetic materials for 

transformer cores, the goal of the field is to produce a bulk material with both high Js and high 

resistivity. Unfortunately, design approaches to improve the resistivity of soft magnetic materials 

are often accompanied by detrimental decreases to the material’s Js [6], [8], [9]. Improving both 

of these properties – high saturation magnetic polarization and high electrical resistivity of soft 

magnetic materials for transformer cores is necessary for more sustainable energy practices and 

conversion across the world. 

1.3. Progress in soft magnet materials used as transformer cores  

In the past 100 years that transformers have existed, Si-steels quickly emerged as an efficient 

and economic material for transformer cores. Development of transformers began in the 1880s. 

While several scientists simultaneously developed transformer-like devices around the world, the 

first device named as a “transformer” was developed by Otto Blathy of Italy in 1885 [12], [13]. 
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This initial transformer had a toroidal core made of iron. The original iron cores were improved 

upon by laminating sheets of iron with insulation between sheets to reduce eddy current losses. In 

the early 1900s, more efficient magnetic and electronic properties and relatively inexpensive 

manufacturing processes paved the way for laminated grain-oriented Si steel sheets to replace the 

laminated iron cores. Despite decades of advancements in metallurgical processing and alloy 

design, to this day, grain-oriented Si-steels are still the most widely used soft magnetic transformer 

core material.  

The transformer core market has been dominated by grain-oriented Si-steels since the early 

1900s thanks to their moderate balance of Js and electrical resistivity and relatively inexpensive 

manufacturing costs [7], [14], [15]. As shown in Figure 2 from Ouyang et al., Si-steels are labeled 

as Fe3.2Si and Fe6.5Si and have a Js of approximately 1.8 to 2.0 T and a resistivity of around 0.5 

to 0.8 µΩ·m [15].  

 

Figure 2. Comparison of saturation magnetization and electrical resistivity of various soft 

magnetic materials developed recently for transformer core applications, reprinted from Ouyang 

et al [15]. 
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The Fe3.2Si and Fe6.5Si labels denote the amount of Si alloyed in Fe. The 3.2 wt. % Si in Fe is 

the more common Si-steel, and the newly developed 6.5 wt. % Si in Fe alloy is an emerging 

material. While Si-steels do not have the highest reported individual Js or electrical resistivity, Si-

steels offer the best combination of the two properties (shown in Figure 2) at a competitive 

manufacturing cost, as denoted by the $ symbol. In grain-oriented Si-steels, a relatively high Js is 

achieved by the crystallographic texture and ferromagnetic B2 ordered body centered cubic (BCC) 

ferritic structure of the steel. Additionally, Si-steels are produced at relatively low manufacturing 

costs by rolling sheets which are then stacked and layered to assemble full transformer cores [7], 

[15]. Texturing the Si steel by rolling sheets aligns the easy magnetization directions together and 

minimizes any detrimental magnetocrystalline anisotropy, or preferred directional magnetization, 

effects in the resulting transformer core. The anisotropy of the magnetic properties of Si-steels is 

minimized further by the high symmetry of the B2 ordered BCC structure of the Si-steels. The 

moderate resistivity of the material is attributed to the substitutional alloying of Si in Fe which 

increases impurity scattering compared to pure Fe. Fe is an excellent ferromagnetic element and 

the ferritic BCC structure of Fe has one of the highest Js of any pure metal known. Low additions 

of Si to Fe stabilizes a B2 ordered BCC ferritic structure, which further improves the magnetic 

properties of the BCC structure. The spin orbit interactions of nonmagnetic Si with Fe atoms can 

cause a slight reduction in the magnetic moment of the bulk alloy, but in low enough 

concentrations has negligible effects on the measured properties compared to the ferromagnetically 

ordered structure and crystallographic texture of the alloy [9]. Ultimately, the textured 

microstructures and B2 ordered BCC crystal structures of Si-steels have enabled their dominance 

over the transformer core market.  
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While Si-steels have been the main material used as soft magnetic transformer cores, 

significant energetic losses in power grids are associated with Si-steels and continue to grow with 

the global demand for energy. While Si-steels have a relatively high Js and relatively low to 

moderate electrical resistivity, other soft magnetic materials can achieve higher individual Js or 

electrical resistivity, replacing the alloy in specific applications. Ultimately, a soft magnetic 

material with a high combination of both Js and electrical resistivity is needed to improve the 

resiliency, efficiency, and sustainability of power grids around the world. Recent attempts to 

outperform Si-steels have included exploration of soft magnetic materials with exotic 

microstructures and architectures, such as bulk metallic glasses, metal-amorphous 

nanocomposites, and soft magnetic composites. It has become clear that the long sought-after 

combination of high Js and electrical resistivity is elusive as depicted in Figure 2 and the targeted 

properties are dictated by the designed microstructure of the final material [6], [8], [11], [16]–[18].  

Through the investigation of alternatives to Si-steels, the CoFe alloy, also discovered in  the 

early 1900s, has stood out as one of the most promising soft magnetic material systems [19]. The 

near-equiatomic CoFe alloy has the highest reported Js of any soft magnetic material at 2.4 T. The 

highest reported Js values of the CoFe alloy are attributed to the B2 ordered BCC ferritic structure 

of the alloy. Between 24 and 90 wt. % Fe in Co, below 700°C, the alloy undergoes a B2 ordering 

transformation, as depicted in the phase diagram in Figure 3 below from Ohnuma et al [20], [21]. 
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Figure 3. Co – Fe phase diagram reprinted from Ohnuma et al., showing the transformation to 

the B2 ordered body centered cubic CoFe phase below 700°C, denoted by α’ [20].  

Due to its extremely high Js, the near-equiatomic CoFe alloy is one of the most promising 

candidates to develop more efficient soft magnetic materials. However, due to the metallic nature 

of the alloy, the CoFe alloy has a low resistivity of approximately 0.1 µΩ·m, [21], [22]. 

Furthermore, the CoFe alloy is extremely hard and brittle, making it difficult to produce with 

conventional manufacturing processes and is relatively expensive due to the high price of 

elemental Co, compared to Fe and Si in Si-steels [15], [23], [24]. Similar to Si-steels, the CoFe 

alloy must have a strong balance of Js, electrical resistivity, and ductility to enable its production 

and use in the transformer core market. The low resistivity, poor manufacturability, of the CoFe 

alloy, and high cost of Co has prevented the alloy from garnering any widespread use. To 

accommodate this, in previous studies, V was added to the near-equiatomic alloy to increase the 

material’s ductility [22]. The CoFeV ternary alloy is known as Hiperco and its properties are shown 
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in Figure 2, labeled as Hiperco50 [15], [22]. Further improvements targeting ductility and 

electrical resistivity of the alloy, have resulted in the development of bulk, nanocrystalline CoFe 

alloys. Nanocrystalline grains and increased volumes of grain boundaries can increase charge 

carrier scattering thereby increasing electrical resistivity and also increase strength and ductility of 

metal alloys [25]–[28]. In other previous literature, soft magnetic composites have been explored 

through the addition of an insulating secondary phase intersecting a ferromagnetic phase to 

produce a material with high Js and high electrical resistivity [29]–[31]. The microstructures of 

these materials are often produced and controlled by coating ferromagnetic powders, such as Fe, 

with an insulative coating and then consolidating the coated powder into a bulk composite. As of 

yet, significant increases to the electrical resistivity of soft magnetic materials have not been 

realized without subsequent drastic decreases to the Js of the materials. The relationships between 

microstructural features and the targeted soft magnetic properties of CoFe - based transformer core 

materials are summarized in Table 1 below. 

Table 1. Summary of the relationships between targeted soft magnetic properties of CoFe – 

based transformer core materials and suggested microstructural design features. 

Property Microstructural features 

High Js 

• Single phase ordered BCC B2 structure 

• Low concentrations of solute elements in solution 

• Low volume fraction of voids and secondary phases 

High ρ 

• High concentrations of solute elements in solution  

• High volume of defects (e.g., point defects, 

dislocations, and voids) 

• Fine grain size 

• Insulating secondary phases 

Low Hc 

• Crystallographic texture aligned along the easy 

magnetization direction 

• Low volume of defects (e.g. point defects, 

dislocations, and voids) 

• Coarse grain size 

• Low volume fraction of secondary phases 
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The near-equiatomic CoFe alloy is an extremely promising starting composition in the search of 

both high Js and electrical resistivity in a soft magnetic material but further microstructural 

materials design approaches are necessary for improved efficiency of CoFe – based soft magnetic 

transformer core materials. Recently, the challenge of the field is to achieve a metallic material 

with a complex combination of the microstructural features and chemistry necessary for improved 

soft magnetic transformer cores. 

1.4. Research objectives: Designing CoFe – based materials for transformer core 

applications 

Using microstructural design approaches to CoFe – based alloys research aims to design, 

fabricate, and characterize soft magnetic materials for improved efficiency of transformers. 

Starting from near-equiatomic CoFe, microstructures in CoFe – based alloys were targeted using 

non-equilibrium powder metallurgical processing techniques to achieve high electrical resistivity 

above 1.0 µΩ·m while maintaining extremely high Js, above 2.0 T. In this research, three powder 

metallurgical approaches to the microstructural design of CoFe alloys were explored. In the first 

study, a CoFe – P alloy with an unstable nanocrystalline, solid solution microstructure, motivated 

by microstructures of deposited films, was targeted to increase the resistivity of the CoFe alloy, 

while minimizing decreases to the alloy’s Js. To target nanocrystalline solid solutions in these bulk 

alloys, mechanical alloying and spark plasma sintering processes were used, but a stable 

intermetallic, detrimental to magnetic properties, was unavoidable. In the second study, to address 

the poor manufacturability of the CoFe alloy, laser engineered net shaping (LENS®) additive 

manufacturing was explored as a viable one step processing route. By tuning specific additive 

manufacturing processing parameters such as laser scan speed, power, and directions, the 

microstructures of CoFe alloys can be controlled with the potential of unlocking the most efficient 

magnetic properties of the CoFe alloy. Lastly, in the third study, an inorganic soft magnetic 
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composite, consisting of a non-magnetic, insulative Al2O3 phase and soft magnetic CoFe phase, 

was produced to achieve a high Js and high electrical resistivity in a bulk alloy. In a proprietary 

deposition process, CoFe powders were coated with Al2O3 and were subsequently consolidated 

using spark plasma sintering to produce bulk soft magnetic composites.  This thesis encompasses 

three design approaches to more efficient soft magnetic transformer core materials. In all three 

approaches, the near-equiatomic CoFe alloy was the starting composition and processing – 

structure – property relationships were utilized to target more efficient magnetic and electronic 

properties of bulk soft magnetic materials.  
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Chapter 2: Phase stability in non-equilibrium processed CoFe – P soft magnetic alloys 

2.1. Background 

In the search for improved performance of soft magnetic transformer core materials, CoFe 

– based alloys with low solute additions have been successfully designed to target specific 

mechanical properties without compromising the functional properties of the base CoFe alloy. In 

the case of the Hiperco alloy, 2 wt. % V (2.2 at. % V) was added to CoFe to increase ductility of 

the BCC phase without drastically altering the soft magnetic properties of the CoFe alloy. Similar 

to the case of Si in Fe, the addition of V to the CoFe BCC structure, maintained an extremely high 

Js of approximately 2.3 T in the Hiperco alloy. However, the relatively low resistivity of the 

Hiperco alloy, as in CoFe, prevented widespread implementation as a commercial transformer core 

material. Nonetheless, compared to  CoFe, the Hiperco alloy achieved improved strength and 

ductility while retaining the CoFe alloy’s exceptional soft magnetic properties [22], [25]. By 

adding only one non-magnetic alloying element in low concentrations to the initial CoFe alloy, the 

BCC CoFe structure remained stable and detrimental effects to the magnetic behavior of the final 

alloy were minimized [9]. As discussed previously, the addition of several solute elements to the 

CoFe alloy, especially in high concentrations can disrupt the BCC phase stability and magnetic 

behavior of the final alloy, which results in poor soft magnetic performance. Nevertheless, CoFe 

– based alloy can be designed with low additions of a solute element to target a specific structure 

and set of combined properties for improved efficiency in soft magnetic transformer core 

materials. 

By examining research of other soft magnetic applications, other prospective alloying 

elements can be identified. While transformer cores rely on bulk soft magnetic alloys, memory 

devices, such as hard drives, rely on soft magnetic films with similar properties: high Js and high 
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electrical resistivity. The design of soft magnetic films can help drive bulk, soft magnetic alloy 

design for transformers due to their similar targeted properties. In previous literature solid solution, 

nanocrystalline CoFe – P soft magnetic films were designed for memory device applications. The 

films developed by Kalu in 2007 and Taslimi et al. in 2015 showed P alloying of up to 6 at. % in 

Co2.33Fe (Co – 30 at. % Fe) improved the resistivity of the Co70Fe30 alloy to nearly 1.0 µΩ·m. The 

ternary alloy films with up to 6 at. % P also had a  Js up to 1.6 T compared to the Co2.33Fe alloy’s 

0.94 T [32], [33]. Both the relatively high Js and high resistivity of the CoFe – P films are attributed 

to their nanocrystalline, supersaturated solid solution microstructures produced using non-

equilibrium film deposition techniques. The resistivity is enhanced by increased charge carrier 

scattering due to grain boundaries and impurities in a solid solution, which are increased with 

smaller grain sizes and substitutionally alloyed P in the BCC crystal lattice of CoFe, respectively. 

In general, the resistivity of solid solution alloys can increase linearly with solute concentration, 

suggesting the electrical resistivity of the alloy can be increased with higher concentrations of P in 

CoFe, however the equilibrium solubility limit of P in CoFe is not reported [34]. The Js was initially 

increased by the addition of substitutionally alloyed P in the BCC CoFe crystal lattice in a solid 

solution but was also shown to decrease the Js in high concentrations of P [32]. As discussed 

previously, high concentrations of solute elements can result in detrimental changes to magnetic 

properties of the CoFe alloy, but by limiting the concentration of solute P elements, detrimental 

effects to magnetic properties of the CoFe – P alloys are minimized [9]. The functional properties 

of CoFe – P films achieve closer to the ideal combination of magnetic and electronic properties 

needed in the CoFe alloy and are attributed to the nanocrystalline, solid solution microstructures 

of the CoFe – P films. By translating the microstructures of CoFe – P films to a large-scale CoFe 

– P alloy, a more efficient soft magnetic transformer core material can be achieved.  
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The nanocrystalline, supersaturated solid solution phase of CoFe – P films from previous 

literature are achieved by non-equilibrium film electrodeposition techniques [32], [33]. At room 

temperature in thermodynamic equilibrium, P has effectively no solubility in Co and only 

approximately 5 at. % P is soluble in BCC Fe at 1000°C, with even lower solubility at intermediate 

temperatures [20], [35]. The solid solution BCC structure achieved by sputtering and film 

deposition is most likely a metastable solid solution, super saturated with P. Additionally, 

nanocrystalline grains are thermodynamically unstable and will grow under equilibrium 

conditions. These super saturated, nanocrystalline microstructures are relatively unstable, but can 

be produced as films using non-equilibrium deposition processes, as shown by Kalu et al. and 

Taslimi et al. [32], [33]. These films have ideal magnetic and electronic properties for transformer 

cores but are on the range of hundreds of nanometers to micrometers thick. Transformer core 

materials must be a bulk material, typically on a volumetric scale of several cubic millimeters or 

even cubic meters. Scalable, non-equilibrium bulk processes are necessary to develop CoFe – P 

alloys with similar metastable microstructures and thus similar Js and resistivity properties as those 

in deposited films. 

Non-equilibrium powder synthesis and consolidation techniques, such as mechanical 

alloying and spark plasma sintering (SPS) have the potential to achieve the microstructures 

necessary for more efficient soft magnetic properties in P containing CoFe alloys with 1:1 ratio by 

weight of Co and Fe. A mechanical alloying SPEX mill and schematic diagram of the process are 

shown in Figure 4. 
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Figure 4. A mechanical alloying (a) SPEX mill, vial, and the media inside the vial, and 

schematic diagrams of mechanical alloying media collisions with (b) the vial walls and (c) other 

media causing the severe plastic deformation and eventual mechanical alloying of metal 

powders. 

Mechanical alloying is a non-equilibrium process involving severe plastic deformation of powder 

particles which yields nanocrystalline, solid solution metal powders. The severe deformation of 

the mechanical alloying process is produced by high energy collisions, shown in Figures 4 (b) and 

(c), between the milling media, the milling vial walls, and dissimilar metal powders and produces 

homogeneously alloyed powders. This severe plastic deformation causes cold welding of 

dissimilar powder particles and eventual diffusion and mixing at an atomic scale of each 

constituent. The severe plastic deformation experienced by the powder particles also causes grain 

refinement, achieving nanometer-scale grains in solid solution alloyed powders. This process can 

be used to produce unstable super-saturated solid solutions in metallic alloys [36], [37]. However, 

the severe plastic deformation induced by the colliding milling media can also introduce impurity 

atoms in the powders, resulting in off composition final powders. From the mechanical alloying 

media and process control agents, impurity elements such as Fe, C, and O can be introduced into 

the mechanically alloyed powders. To keep final powder compositions on target, a media with 

similar composition as the target powders are used. Through mechanical alloying, nanocrystalline, 
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super-saturated solid solution CoFe – P powders can be achieved and by using stainless steel ball 

bearings as the mechanical alloying media and no process control agent, detrimental impurities 

can be avoided.  

Using non-equilibrium consolidation processes, such as SPS, the microstructures of the 

powders can be retained in a final, bulk alloy. A SPS apparatus and schematic diagram of the SPS 

process are shown in Figure 5 (a) and (b) respectively. 

 

Figure 5. A spark plasma sintering (a) apparatus and (b) a schematic diagram of the 

components, powders, applied current, and applied uniaxial load involved in the process. 

SPS is a consolidation process with the capability of sintering powders far more rapidly than 

conventional sintering [38]. Fundamental explanations of sintering and SPS are beyond the scope 

of this study, but a brief overview of SPS is provided. During SPS consolidation, loose powders 

are compacted and concurrently rapidly heated. As shown in the schematic diagram in Figure 5 

(b), during SPS graphite dies are used to apply a uniaxial load, compacting the powders. The dies 

also act as electrodes, applying a pulsed electrical DC current through the powders to reach heating 

rates on the order of 100°C/min. The pulsed DC current causes Joule heating in the powders being 

consolidated, especially at the contact points between powder particles, promoting the sintering 
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process and ultimately densification [25], [39].  The high heating rates and rapid densification 

times characteristic of SPS minimize equilibrium grain growth and can avoid stable phase 

formation [25], [39]. Because the SPS process still requires relatively high sintering temperatures 

to reach full densification in metal alloys, consolidating super saturated powders can result in the 

formation of stable, equilibrium phases, especially in nanocrystalline powders with high volumes 

of grain boundaries, which serve as preferential nucleation sites for secondary phases. High heating 

rates and short sintering dwell times can be used when consolidating nanocrystalline, super 

saturated CoFe – P powders to avoid equilibrium structures. It is possible SPS consolidation may 

be able to retain the unstable microstructures and solid solutions formed in mechanically alloyed 

CoFe – P powders. In fact, mechanical alloying and SPS processes have been used to produce 

metal alloys with nanocrystalline, solid solution microstructures for a range of various applications 

[25], [39]. Previously, mechanical alloying and SPS have been used to produce bulk 

nanocrystalline, solid solution CoFe and CoFeV alloys for improved mechanical and functional 

properties [25], [26], [40]–[43]. Ultimately, CoFe – P alloys with metastable microstructures, 

necessary for efficient soft magnetic properties, may be attainable using non-equilibrium 

mechanical alloying and SPS consolidation processes. 

In this study, non-equilibrium powder metallurgical approaches were utilized to produce 

bulk samples of CoFe – P alloys. The phase evolution during processing is investigated and the 

resulting microstructure’s effect on the functional properties is discussed. CoFe – P alloys with 

more efficient combinations of soft magnetic properties were targeted via nanocrystalline, super 

saturated solid solution microstructures in the alloys by using mechanical alloying and SPS 

consolidation techniques. Mechanical alloying was used to produce nanocrystalline, solid solution 

CoFe – P powders. The mechanical alloying process may introduce impurity atoms during the 
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induced severe plastic deformation but was avoided by using stainless steel milling media.  In the 

CoFe – P alloy, the nanocrystalline, solid solution microstructure was targeted to increase charge 

carrier scattering to increase the bulk resistivity of the material. The 1:1 ratio by weight CoFe alloy 

was used as the starting composition for its high Js and P was added in low concentrations, 

minimizing detrimental effect on the Js of the final bulk alloy as shown in previous literature on 

CoFe – P films [32], [33]. The P was added to CoFe in a low (0.8 wt. % P) and high (6 wt. % P) 

concentration targeting a solid solution during mechanical alloying and SPS consolidation. The 

phase evolution of the alloys during mechanical alloying and SPS consolidation is investigated 

and discussed with respect to the magnetic and electronic properties of the alloys.  

2.2. Experimental methods 

2.2.1. Materials preparation 

To mechanically alloy the CoFe – P alloy powders, high purity elemental Co, elemental 

Fe, and Fe3P powders were used as the starting feedstock powders. The 99.99 % purity powders 

were purchased from Alfa Aesar (Ward Hill, MA, USA). Three alloy compositions were mixed 

using the feedstock powders: CoFe, CoFe – 0.8 wt. % P, and CoFe – 6 wt. % P, and will be referred 

to as such through the rest of this study. For each composition, a Co:Fe ratio of 1:1 by weight was 

maintained. The high energy SPEX SamplePrep ball mill (SPEX Sample Prep, Metuchen, NJ, 

USA) shown in Figure 4 (a) was used to mechanically alloy the mixed powders. To avoid 

introduction of impurity atoms to the CoFe – P powders, Fe-based stainless steel ball bearings 

were used as the milling media and the powders were mechanically alloyed at room temperature 

in an Ar atmosphere. As done previously by Dupuy et al., a ball to powder weight ratio of 5:1 (50g 

of 6.35 mm ball bearings, 10 g of mixed powders) was used to alloy the powders [25]. To prevent 

the powders from agglomerating or reaching high temperatures, the powders were mechanically 
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alloyed for 20 minutes at a time, with 5-minute rests in between. Two batches of powders were 

prepared by mechanically alloying for 8 – and 18 – hours. The powders were then consolidated 

using a Fuji SPS-825S DR. SINTER (Fuji Electronic Industrial Co., Ltd., Kawasaki, Japan), shown 

in Figure 5 (a), with a maximum pulsed DC output of 12 V and 8000 A under vacuum less than 5 

Pa. The uniaxial load was kept under 150 MPa. Each powder composition was consolidated at 

700°C with a dwell time of 2 minutes and a heating rate of 60°C/min. The SPS consolidation 

parameters were driven by previous work on a similar alloy composition using the same SPS 

equipment [25]. The mechanically alloyed CoFe – 6 wt. % P powders were also consolidated at 

temperatures of 600°C and 500°C after the formation of an intermetallic phase was observed 

following consolidation of the powders at 700°C. The final sintered discs measured Φ 5 mm OD 

x 2 mm HT and were prepared for microstructural and functional properties characterization via 

metallographic polishing techniques.  

2.2.2. Microstructural characterization 

The sintered discs were cross sectioned and polished for microstructural and phase 

composition analysis to validate a nanocrystalline, single phase was retained after sintering. A 

Rigaku SmartLab X-ray diffractometer (XRD) equipped with a Cu Kα (λ = 0.1542 nm) radiation 

source was used to assess phase composition in the mechanically alloyed powders as well as the 

sintered discs. Each XRD pattern was performed from 20° to 100° with a step size of 0.02° and 

speed of 2 steps per second. Each pattern was normalized for comparison. From the XRD patterns, 

the lattice parameter of the mechanically alloyed powders was calculated by the Nelson-Riley 

Method [44]. The lattice parameters were calculated with accuracy to ten thousandths of an 

Angstrom (Å), or the 4th decimal place, constrained by the significant figures provided by XRD. 

The crystallite sizes in the powders were calculated using the Scherrer Formula [45]. Analysis of 
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the surface morphology of the mechanically alloyed powders and cross sectioned sintered discs 

was performed using a FEI Quanta 3D field emission gun scanning electron microscope (SEM) 

equipped with a pole piece mounted backscatter electron (BSE) detector, an Everhart-Thornley 

secondary electron (SE) detector and an Oxford energy dispersive X-Ray spectrometer (EDS). For 

all bulk samples, the micrographs are normal to the SPS loading direction. 

The density of the consolidated samples was measured using the Archimedes method, and 

compared to the alloys’ theoretical densities. The theoretical density of each alloy was calculated 

by assuming a solid solution of Co, Fe, and P with corresponding atomic fractions in a BCC crystal 

lattice. The theoretical BCC lattice was assumed to have a lattice parameter of 2.8506 Å, as 

reported for the B2 ordered BCC structure of CoFe in previous literature [21], [46], [47]. Using 

the calculated theoretical densities, a relative density was then calculated for each consolidated 

sample.  

2.2.3. Magnetic and electronic properties measurements 

To measure the magnetic properties of the sintered discs, a Quantum Design Magnetic 

Property Measurement System (MPMS) superconducting quantum interference device 

magnetometer was used. To measure electrical resistivity across the surface of the consolidated 

discs, four tungsten probes were aligned with 1 mm pitch across the circular face of the discs. To 

measure resistivity through the height of the consolidated discs, copper strips were fitted to the 

circular faces of the discs and instead of probes, clips attached to the copper strips were used as 

the leads. The leads were driven by a Keithley 2425 SMU set to 1 µV resolution and 10 NPLC 

averaging cycles to reduce noise. The current was swept from 100 mA to 1 A. All discs were 

isolated from the sample chuck using non-conductive, double-sided tape during measurements. 
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The magnetic and electronic properties were measured by collaborators at Sandia National 

Laboratories (SNL).   

2.3. Results 

2.3.1. Mechanical alloying of feedstock powders 

Prior to mechanical alloying and consolidation, the starting feedstock powders were 

characterized to assess the initial powder size, morphology and phase constitution. Figures 6 (a), 

(b), (c), and (d) below show the initial feedstock elemental Co, elemental Fe, and Fe3P powders 

before mechanical alloying, respectively, and the XRD patterns of the feedstock powders are 

shown in Figure 6 (e).  

 

Figure 6. Secondary electron micrographs of feedstock (a) elemental Co, (b) elemental Fe, and 

(c) and (d) Fe3P powders and their corresponding (e) X-ray diffraction patterns.  

Elemental Co, in Figure 6 (a), and elemental Fe in Figure 6 (b) have powder particle sizes on the 

order of 5 µm and the Fe3P powder particles, in Figure 6 (c) and (d), are on the order of 

approximately 10 µm. While elemental Fe powder particles are mostly spherical, the elemental Co 

powders appear more elongated. The intermetallic Fe3P powders appear more faceted with sharp 

edges and corners. From the XRD patterns in Figure 6 (e), the elemental Fe powders have a BCC 

structure which is expected to remain during the mechanical alloying process. The HCP and FCC 
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structures of the elemental Co and tetragonal structures of the Fe3P powders are expected to 

dissolve into the BCC structure during mechanical alloying. After mixing the feedstock powders 

in the correct compositions, they were subsequently mechanically alloyed for 8 and 18 hours. 

SE micrographs of the powders after mechanical alloying are shown in Figure 7 (a), (b), 

(c), and (d) and the XRD patterns of the mechanically alloyed powders are shown in Figure 7 (e). 

 

Figure 7. Secondary electron micrographs of the mechanically alloyed (a) CoFe powders after 8 

hours of milling, (b) CoFe after 18 hours of milling, (c) CoFe – 0.8 wt. % P after 18 hours of 

milling, and (d) CoFe – 6 wt. % P, cross sectioned after 18 hours of milling as well as the (e) X-

ray diffraction patterns of all powders after 8 and 18 hours of milling. 

After both 8 and 18 hours, the mechanically alloyed CoFe powders, in Figure 7 (a), reached 

average particle sizes of approximately 20 µm. The CoFe – 0.8wt. % P and CoFe – 6wt. % P 

powders displayed similar morphologies and sizes as the mechanically alloyed CoFe powders, as 

shown in Figures 7 (a) – (c).  In the cross section of the CoFe – 6 wt. % P powders in Figure 7 (d), 

typical cold welding and fracturing microstructures of mechanically alloyed powders are observed. 

After mechanically alloying for 8 and 18 hours, the morphologies and sizes of the powders 

demonstrate the cold welding and fragmentation of the combined feedstock materials necessary to 

mechanically alloy the powder. Little to no difference in powder morphology and size between the 

varied mechanical alloying times was observed.  
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 After 8 and 18 hours of mechanical alloying, the powders were characterized using XRD 

analysis to compare changes in lattice parameter and phase composition across mechanical 

alloying times and compositions. From the observed peaks in the XRD patterns shown in Figure 

7 (e) above, the BCC structure is formed across all mechanical alloying times and in all alloyed 

compositions. No additional peaks appear in the XRD patterns, suggesting the formation of single 

phase, solid solution microstructures in the powders. The XRD peaks of the mechanically alloyed 

powders are increasingly broader with increased P concentration. Increasing shift of the Bragg-

satisfying refraction angles is also observed with increasing P content. However, across 

mechanical alloying times, for each respective alloy composition, little to no peak broadening or 

shift is observed. After both 8 and 18 hours of mechanical alloying, the powders are well alloyed. 

The lattice parameters calculated from corresponding XRD patterns are reported in Table 2 below.  

Table 2. Extrapolated lattice parameters of the powders mechanically alloyed at various times, 

calculated from the corresponding X-ray diffraction patterns of the powders. 

Powder Mechanical alloying time [hr] 
Extrapolated lattice 

parameter [Å] 

Theoretical CoFe [21], [46], 

[48] 
n.a. 2.8506 

CoFe 
8 hr 2.9050 

18 hr 2.9031 

CoFe – 0.8 wt. % P 
8 hr 2.9018 

18 hr 2.8841 

CoFe – 6 wt.% P 
8 hr 3.1816 

18 hr 3.1851 

 

Compared to the mechanically alloyed CoFe powders, the extrapolated lattice parameter of the 

CoFe – 6 wt.% P powder is larger by nearly 10 %. For each respective composition of mechanically 
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alloyed powders, less than 0.59 % of change in the lattice parameter was observed between 8 and 

18 hours of milling. Little to no additional alloying occurred after 8 hours of mechanical alloying. 

Not reported in Table 2, from the Scherrer Formula calculations, the crystallite sizes in all the 

powders after 8 hours reached a minimum of less than 10 nm and underwent less than 10 % change 

in crystallite size after 18 hours. Powders mechanically alloyed for 8 and 18 hours were both 

consolidated via SPS since the powders achieved similar nanocrystalline, solid solutions.  

2.3.2. Spark plasma sintering mechanically alloyed powders 

 The XRD patterns of each consolidated sample are presented in Figure 8 below. From the 

XRD patterns of the consolidated CoFe alloy in Figure 8 below, a solid solution, α-Fe BCC 

structure in the alloy was maintained during sintering. 

 

Figure 8. The X-ray diffraction patterns for all consolidated CoFe and CoFe – P alloys, with 

labeled peaks for the body centered cubic phase, and evidence of secondary phase presence in 

the CoFe – 6 wt. % P alloy. 

From the XRD patterns of the consolidated alloys, and the Scherrer Formula, the grain sizes in the 

consolidated CoFe and CoFe – 0.8 wt. % P were calculated to be approximately 40 nm. The XRD 

pattern of the CoFe – 0.8 wt. % P alloy consolidated at 700°C is shown above in Figure 8. From 
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the XRD peak of the consolidated CoFe – 0.8 wt. % P alloy, a solid solution α – Fe BCC structure 

was maintained with no detectable secondary phase present. No further microstructural analysis 

was focused on the CoFe – 0.8 wt. % P alloy. Mechanical alloying and SPS consolidation were 

used to produce a CoFe and a CoFe – 0.8 wt. % P alloy with nanocrystalline, solid solution 

microstructures. From the XRD pattern of the CoFe – 6 wt. % P alloy consolidated at 700°C, 

shown in Figure 8 above, in addition to the α-Fe BCC structure, the presence of a secondary phase 

was detected. The additional phase was indicated by the extra two peaks at 2θ angles of 40.54° 

and 43.00° in the XRD pattern for CoFe – 6 wt. % P consolidated at 700°C in Figure 8 above. As 

mentioned previously, the consolidation of the alloys in this study at 700°C was motivated by 

previous SPS consolidation studies on similar CoFe alloys.  Due to the formation of the secondary 

phase, further CoFe – 6 wt. % P samples were consolidated at lower temperatures of 600°C and 

500°C to target solid solution alloys. However, the XRD patterns shown in Figure 8, also contain 

secondary phase peaks in the alloys consolidated at lower temperatures as well. Using the Scherrer 

Formula and XRD patterns of the α-BCC phase of the CoFe – 6 wt. % P alloys consolidated at 

700°C, 600°C, and 500°C, the grain sizes in the alloys are likely on the order of 50 nm, 20 nm, 

and 14 nm, respectively. However, it should be noted that the XRD peaks of the secondary phase 

which precipitated in the CoFe – 6 wt. % P at all three temperatures may likely interfere with and 

cause broadening of the α-BCC phase XRD peaks. The calculated grain sizes are likely not 

accurate representations of the actual grain sizes in the consolidated alloys but nonetheless suggest 

nanocrystallinity in the alloys was maintained. Due to the poor densification of the 600°C and 

500°C consolidated samples, further analysis is focused to the 700°C consolidated CoFe – 6 wt. % 

P alloy.  
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The consolidated CoFe alloys reached nearly full densification with 98% relative density. 

SE micrographs of the CoFe and CoFe – 6 wt. % P alloy are shown in Figure 9 (a), (b), (c), (d), 

(e), (f), (g), and (h). 

 

Figure 9. Secondary electron micrographs of the 700°C SPS consolidated CoFe alloy at (a) lower 

and (b) higher magnifications, showing preferentially polished grain boundaries, (c) SE 

micrograph and (d) backscatter electron micrograph of the CoFe – 6 wt.% P alloy consolidated at 

700°C, showing topological and phase contrast, respectively, and (e) backscatter electron 

micrograph and (f), (g), and (h) energy dispersive X-ray spectroscopy elemental maps of P, Co, 

and Fe, respectively in the CoFe – 6 wt.% P alloy consolidated at 700°C, showing localized 

regions of P enrichment. 

From the SE micrographs of the CoFe alloy in Figures 9 (a) and (b), the grain size of the alloy is 

on the order of 100 – 200 nm. The measured magnetic and electronic properties of the consolidated 

CoFe alloy are discussed in a later section. A nanocrystalline, solid solution CoFe alloy was 

achieved using mechanical alloying and SPS consolidation.  

 The SE micrograph and corresponding BSE micrograph of the CoFe – 6 wt. % P alloy 

consolidated at 700°C is shown in Figure 9 (c) and (d) above and a BSE micrograph and 

corresponding EDS elemental maps of the alloy are shown in Figure 9 (e), (f), (g), and (h) above. 

From the SE micrograph of the 700°C consolidated CoFe – 6 wt. % P alloy, shown in Figure 9 (c), 

spherical pores can be seen decorating the boundaries between powder particles, but there is little 



28 

 

to no porosity in the interiors of the particles. From the contrast in the SE micrograph, due to 

surface topology, grain sizes on the order of 100 – 200 nm are observed. In the BSE micrograph 

of the 700°C consolidated CoFe – 6 wt. % P alloy, in Figure 9 (d), four distinct grayscale values 

can be seen. The darkest features, located at particle boundaries, are nearly black, while the other 

three are lighter gray values, found within particles and may correspond to grain orientation, 

surface topology, or secondary phases. As shown in the EDS elemental maps of the 700°C 

consolidated CoFe – 6 wt. % P alloy in Figures 9 (e) – (h), Fe and Co are well distributed. However, 

small, nanometer-scale regions of higher P content are seen scattered throughout the sample in 

Figure 9 (f), and some of the enriched zones of P align with the BSE micrograph of the same area 

in Figure 9 (e). Both XRD analysis and SEM and EDS microanalysis show evidence of a secondary 

phase in the CoFe – 6 wt. % P alloy consolidated at 700°C.   

2.3.3. Magnetic and electronic properties of consolidated CoFe – P alloys 

 After consolidating the mechanically alloyed CoFe powders the magnetic and electronic 

properties of the samples were measured and are reported below in Table 3.  
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Table 3. Relative densities and measured magnetic and electronic properties as well as secondary 

phase presence of consolidated CoFe and CoFe – P alloys. 

Sample 

Relative 

density 

(% of 

theoretical) 

Saturation 

polarization 

(J
s
) [T] 

Surface 

resistivity 

(ρ) [µΩ·m] 

Thru 

resistivity 

(ρ) [µΩ·m] 

(Co
x
Fe

1-x
)

2
P 

detected 

CoFe 700°C SPS 98.11 2.38 ± 0.02 
0.183 ± 

0.001 
n.a. n.a. 

CoFe – 0.8 wt.% P 

700°C SPS 
95.21 2.34 ± 0.04 0.105 ± 0.01 

.091 ± 

0.0005 
No 

CoFe – 6 wt.% P 

700°C SPS 
99.03 1.86 ± 0.01 0.17 ± 0.03 

0.33 ± 

0.12 
Yes 

CoFe – 6 wt.% P 

600°C SPS 
97.88 ± 0.16 1.53 ± 0.04 0.89 ± 0.03 

0.57 ± 

0.12 
Yes 

CoFe – 6 wt.% P 

500°C SPS 
88.49 ± 0.24 1.25 ± 0.04 0.208 ± 0.03 

2.32 ± 

0.12 
Yes 

As expected, the CoFe alloy had typical Js and resistivity values of nanocrystalline CoFe. 

Additionally, not reported in Table 3, the average coercivity of the consolidated CoFe alloy was 

measured to be approximately 153 A/m. The typical high Js and low resistivity of the CoFe alloy 

served to set the baseline for the magnetic and electronic properties of the P containing alloys. 

Compared with the 1:1 ratio by weight CoFe alloy, little to no significant changes to Js and 

electrical resistivity were observed in the 700°C consolidated CoFe – 0.8 wt. % P alloy, as shown 

in Table 3 above. In the CoFe – 6 wt. % P alloy consolidated at 700°C a dramatic decrease in the 

magnetic Js, compared to the CoFe and CoFe – 0.8 wt. % P alloys, was observed. Additionally, the 

CoFe – 6 wt. % P alloy showed an increase in the electrical resistivity through the bulk of the 

sample compared to the CoFe and CoFe – 0.8 wt.% P alloys. The coercivity, not reported in Table 

3, of the 700°C consolidated CoFe – 6 wt. % P alloy was measured to be on average 4283 A/m. 
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The 600°C and 500°C consolidated CoFe – 6 wt. % P alloys had progressively lowered relative 

densities and diminished measured Js, but progressively increased electrical resistivity. 

2.4. Discussion 

2.4.1. Mechanically alloyed powders 

 As the initial feedstock powders were mechanically alloyed, agglomerating, cold – 

welding, and fracturing, the particle size of the powders progressively decreased as expected [36], 

[37]. The initial elemental Co and Fe powders had similar sizes and morphologies, but the Fe3P 

powders were larger, with faceted morphologies. In general, below 150 µm, the initial powder size 

and morphology has little effect on the high energy ball milling process [36], [37]. After 8 and 18 

hours of milling, the severe plastic deformation of the initial powders caused dissolution of any 

initial phases and subsequent mixing of atomic elements to achieve a solid solution alloy [25], 

[26], [36], [37], [43]. The time to reach well-alloyed, α-Fe BCC solid solution structures in the 

powders was typical of CoFe and other CoFe alloys, [26], [40], [42], [43]. The appreciable changes 

in lattice parameters calculated from the XRD patterns after 8 and 18 hours of mechanically 

alloying the powders indicated well-alloyed, solid solution powders were achieved. The 

broadening of peaks in the XRD patterns shown in Figure 8 is most likely due to lattice strain, 

nanometer grain sizes, and lattice parameter changes from substitutional alloying, all imparted by 

the severe plastic deformation process [36], [37]. The slight shift of the XRD peaks with increased 

P composition was most likely due to substitutionally alloyed P in the CoFe BCC lattice. The 

atomic radius of P is 55 % larger than that of Fe, and is only 2.5 % smaller than Co. As reported 

in Table 2, the lattice parameters of the CoFe – 6 wt. % P alloy are much larger than the calculated 

lattice parameter of the CoFe and CoFe – 0.8 wt. % P alloys. As expected, the incorporation of P 

in the BCC CoFe lattice increases the lattice parameter of the unit cell, causing XRD peak shift. 
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The CoFe – 0.8 wt. % P (2 at. % P) may have a low enough concentration of P to have little 

observed change in the measured lattice parameter of the alloyed powders. While the crystallite 

size of the powders, calculated to be less than 10 nm, is indicative of nanocrystalline mechanically 

alloyed powders, the values calculated using the Scherrer Formula are just estimates of the grain 

sizes in the powders. The Scherrer Formula calculation of crystallite size is dependent on the full 

width at half the maximum (FWHM) or broadness of the XRD peaks. The broadness of the XRD 

peaks is not solely affected by grain size, but also the amount of strain in the powders. The Scherrer 

formula calculations can therefore be complicated and made inaccurate by the large amounts of 

strain in the mechanically alloyed powders [45]. This calculation of crystallite size can ensure the 

powders reached the nanocrystalline regime, but further in-depth analysis of the exact grain sizes 

in the mechanically alloyed powders requires transmission electron microscopy (TEM). Because 

powders mechanically alloyed for both 8 and 18 hours had well-alloyed, nanocrystalline, solid 

solution microstructures, they were both used for SPS consolidation. Mechanical alloying was able 

to achieve nanocrystalline, solid solution and even super saturated microstructures in the CoFe and 

CoFe – P alloy powders.  

2.4.2. Microstructural evolution during consolidation 

2.4.2.1. Porosity observed in spark plasma sintered alloys 

While very little porosity was observed in the consolidated CoFe alloy, porosity along the 

boundaries between powder particles was observed in the 700°C consolidated CoFe – 6 wt. % P 

alloy in Figure 9 (c) and (d). The porosity observed in the 700°C consolidated CoFe – 6 wt. % P 

alloy is typical and is sometimes observed in mechanically alloyed and SPS consolidated metal 

powders [49], [50]. From previous literature, the sphericity of the pores suggests the presence of 

trapped gas. To prevent contamination, the metal powders are mechanically alloyed in Ar gas, and 
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the agglomerating, folding, and welding processes during mechanical milling can trap the Ar gas 

in the powder particles.  The Ar gas trapped in powder particles can possibly move and even 

become trapped between powder particles during sintering. The porosity along particle boundaries 

is further observed in the 600°C consolidated CoFe – 6 wt. % P alloy but could potentially be 

reduced with increased uniaxial load during consolidation. The discrepancy between the amount 

of observed porosity and the calculated relative density could be due to the formation of a 

secondary, intermetallic phase and its structure. EDS analysis confirmed no P loss was experienced 

during milling or consolidation but may not be an accurate assessment of P composition. Porosity 

in SPS consolidated mechanically alloyed powders is typical and is sometimes unavoidable. 

2.4.2.2. Intermetallic phase formation during spark plasma sintering 

 The formation of a secondary, intermetallic phase was initially observed in the XRD 

pattern of the 700°C consolidated CoFe – 6 wt. % P alloy in Figure 8. The XRD peaks for the 

intermetallic phase were not observed in the CoFe – 0.8 wt. % P alloy, suggesting the alloy 

remained a solid solution after consolidation, or any intermetallic which formed was undetectable. 

From the XRD peaks at 2θ angles of 40.54° and 43.00° and the processing parameters compared 

to previous literature, the intermetallic phase is most likely orthorhombic (CoxFe1-x)2P, but a true 

ternary phase diagram of Co-Fe-P could not be found for comparison [51]–[54].  

 From the phase diagrams of the Fe-P and Co-P alloys in Figure 10 (a) and (b), reported by 

Okamoto and Ishida, respectively, orthorhombic M2P stoichiometries are thermodynamically 

stable intermetallic structures which may form in both binary systems and potentially at the 

temperatures and compositions of the consolidated CoFe – 6 wt. % P [35], [55]. 
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Figure 10. The phase diagrams of the (a) Fe-P and (b) Co-P systems suggest the formation of 

stable orthorhombic intermetallic structures of the form M2P reprinted from Okamoto and Ishida, 

respectively [35], [55]. 

In the Fe-P system, approximately 2 wt. % P is soluble in Fe, and orthorhombic Fe2P is a stable 

intermetallic which can form. In the Co-P system, there is nearly no solubility of P in Co, and 

orthorhombic or hexagonal Co2P are stable intermetallic structures which may form. Additionally, 

by melting Co2P and Fe2P together in various ratios, De Vos et al., report a (CoFe)2P intermetallic 

is stable for a range of Co and Fe in either an orthorhombic or hexagonal crystal structure [54]. In 

Figure 9 below, from De Vos, an isopleth phase diagram is shown, wherein the composition of P 

is held constant, while the ratio of Fe:Co is varied along the x-axis [54]. 
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Figure 11. The (CoxFe1-x)2P phase diagram, reprinted from De Vos et al., suggest a 

compositional range of Co and Fe in the orthorhombic intermetallic [54]. 

 As shown in Figure 11 from De Vos above, under 900°C, the (CoxFe1-x)2P intermetallic will exist 

as an orthorhombic structure. Furthermore, according to Fruchart, the orthorhombic structure of 

(CoxFe1-x)2P exists for x > 0.16, and any excess Co, Fe, or P will go to a hexagonal form of the 

intermetallic. The orthorhombic (CoxFe1-x)2P is the most likely stable intermetallic to form in this 

alloy based on the composition and sintering temperature of the alloy. 

From the XRD pattern in Figure 8, a primary α-Fe BCC phase of Co, Fe, and some 

solubility of P is present along with the orthorhombic (CoxFe1-x)2P intermetallic structure. While 

the solubility of P in CoFe could not be found in previous literature, it is clear that any excess P in 

solution would be stable in the formation of localized, P rich, intermetallic structures. Based on 

the XRD peaks in Figure 8, the sintering temperatures used, and the Co and Fe composition of the 

bulk alloy, it is most likely the orthorhombic structure of the intermetallic is most stable, but any 

excess Co, Fe, or P not stable in the BCC or orthorhombic phase may have transformed to the 



35 

 

hexagonal structure of the (CoxFe1-x)2P intermetallic, as suggested by De Vos et al and Fruchart 

[51], [54]. From XRD analysis of the CoFe – 6 wt. % P alloy consolidated at 700°C, the secondary 

phase which formed is most likely the orthorhombic (CoxFe1-x)2P intermetallic.  

From the P enriched zones observed in the EDS elemental maps and the various grayscale 

values in the associated BSE micrograph in Figure 9 (c), the (CoxFe1-x)2P intermetallic phase was 

observed. First, the darkest, spherical features in the BSE micrographs correspond to the spherical, 

gas porosity observed in the SE micrographs in Figure 9 (b) and discussed previously. 

Additionally, the BSE emission coefficients from compositional Z contrast of the α-Fe BCC phase 

and the intermetallic (CoxFe1-x)2P were calculated using a method outlined by Lloyd [56]. The 

BSE emission coefficient of the (CoxFe1-x)2P intermetallic is only 7.2 % less than the emission 

coefficient calculated for the BCC CoFe phase. The BSE emission coefficients were calculated for 

CoFe, with no P in solution, and (CoFe)2P, with equimolar ratio of Co and Fe, so the exact values 

of the BSE coefficients are not as telling as the comparison between the two. From the minor 

difference in the calculated BSE emission coefficients, the (CoxFe1-x)2P intermetallic is expected 

to only be approximately 7 % darker, backscattering slightly less signal. Based on the calculated 

emission coefficients, the brightest features in the BSE micrographs in Figure 9 (c) are most likely 

too bright to all be a distinct, secondary phase, but are instead topologically higher surfaces of 

preferentially polished grains of different orientations. Some of those grains may even be different 

orientations of the intermetallic and primary, BCC phase. The two middle, gray tones, observed in 

the BSE micrograph in Figure 9 (c) then correspond to the BCC CoFe phase and the orthorhombic 

intermetallic (CoxFe1-x)2P phase. Additionally, the lighter gray features align with some of the P 

enriched regions observed in the EDS elemental maps in Figure 9 (c), suggesting the (CoxFe1-x)2P 

intermetallic phase is made up of particles in a BCC CoFe matrix on the order of 100-200 nm. Due 
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to the small size of the intermetallic, further in-depth analysis of the crystalline structure of the 

(CoxFe1-x)2P intermetallic would require TEM electron diffraction. 

In the 600°C and 500°C SPS consolidated CoFe – 6 wt. % P samples, the (CoxFe1-x)2P 

intermetallic was again detected in the XRD patterns in Figure 8. The (CoxFe1-x)2P intermetallic is 

stable and has a strong, thermodynamic driving force even at temperatures as low as 500°C. The 

nanocrystalline microstructure of the mechanically alloyed powders, with many sites for 

nucleation, can further promote the formation of the intermetallic phase. Ultimately, in the CoFe 

– 6 wt. % P alloy, stable intermetallic formation during SPS consolidation was unavoidable.  

Unlike the CoFe – P films discussed previously, in the CoFe – P alloys produced in this 

study, a stable intermetallic phase was able to precipitate. By comparison, the film deposition 

techniques used in previous literature are further from equilibrium than the relatively high 

temperature SPS consolidation process used in this study. To achieve a super saturated solid 

solution in a CoFe – P bulk alloy, as in the films, lower temperature consolidation processes further 

from equilibrium are necessary. For example, cold isostatic pressing (CIP) may be able to 

consolidate mechanically alloyed nanocrystalline, solid solution CoFe – P powders without the 

need for high temperatures which may cause stable intermetallic phase formation. Ultimately, 

because the microstructures of the consolidated CoFe – P alloys differ from those of the previously 

deposited CoFe – P films, the magnetic properties were also expected to differ. 

Thermodynamic modeling such as ThermoCalc® Calculated Phase Diagrams 

(CALPHAD) may be used to study and quantify the thermodynamic stability of the (CoxFe1-x)2P 

intermetallic phase and the solubility of P in CoFe. Future studies of this alloy should target a solid 

solution of P in CoFe, using processes far from equilibrium. Additionally, any ordering of the BCC 

CoFe and P phase or the orthorhombic (CoxFe1-x)2P phases was not assessed in this work but should 
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be studied in the future using neutron diffraction or TEM electron diffraction. CoFe – based alloy 

compositions and should be designed and processed to avoid stable intermetallic structures during 

consolidation.  

2.4.3. Magnetic and electronic behavior 

2.4.3.1. CoFe 

 As has been reported, the exceptionally high Js of the CoFe alloy is attributed to the B2 

ordered BCC structure and thus the atomic neighboring and packing of the CoFe alloy [21], [27], 

[40], [42], [43]. The nanocrystalline grain size has little effect on the Js, but can minimize the 

magnetocrystalline anisotropy of the bulk alloy. The grain size can also affect the hysteresis of the 

alloy, though not studied in this work [8], [57]. Additionally, to a small degree, the nanocrystalline 

grain sizes in the microstructure of the CoFe alloy contributed to the bulk electrical resistivity of 

the material, as grain boundaries are sources of additional charge carrier scattering [34]. 

Ultimately, the results of the magnetic and electronic properties of the SPS consolidated CoFe 

alloy in this work are in good agreement with previous literature [21], [25], [26], [43].  

2.4.3.2. CoFe – 6 wt. % P 

 The reduced Js and especially high coercivity, in all of the CoFe – 6 wt. % P alloys were 

attributed to the substitutional alloying of P in CoFe, the presence of the nanocrystalline 

intermetallic phase particles, and porosity in the samples. Additional alloying elements, in this 

case P, can be detrimental to the magnetic properties of the bulk alloy by minimizing the magnetic 

ordering strength due to extra electron spins in the alloy lattice [9]. The diamagnetic nature of the 

P element can have detrimental effects on the ferromagnetic ordering of the BCC CoFe lattice. 

Additionally, the incorporation of P in the BCC lattice with an atomic radius larger than Fe, can 

shift the interatomic spacing of the CoFe BCC structure and, by the Bethe-Slater relationship, can 
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disrupt the ferromagnetic ordering of the alloy, decreasing Js [9]. Beyond the P solubility in CoFe, 

additional P went into forming a (CoxFe1-x)2P intermetallic phase, which further diminished the 

magnetic properties.  

Secondary phases can have their own magnetic ordering and strengths, dependent on the 

structure and composition. While the (CoxFe1-x)2P intermetallic phase is reported to be 

ferromagnetically ordered, it was also reported to have hard magnetic properties, characterized by 

low Js and high coercivity [54]. The (CoxFe1-x)2P intermetallic particles were on the order of 

approximately 100 – 200 nm and could contain several magnetic domains with poor magnetic 

properties, potentially inhibiting the bulk magnetization of the alloy by affecting the internal fields 

of the surrounding BCC matrix. Lastly, lack of symmetry, broken bonds, and reduced coordination 

number associated with the disorder at defects such as grain boundaries and interfaces between 

dissimilar phases further resulted in the disruption of the magnetization process in the material, 

minimizing Js and dramatically increasing coercivity [9].  

Similar to the intermetallic phase particles with their own volumes and magnetic properties, 

pores in the bulk material also had detrimental effects on the measured bulk magnetic properties 

of the alloy. Pores can impede the movement of magnetic domain boundaries, necessary for 

magnetization reversal, thus diminishing the measured properties of the material [58], [59]. While 

the diminished magnetic properties of the 700°C CoFe – 6 wt. % P sample, compared to the CoFe 

alloy, are mostly attributed to substitutional alloying of P and the presence of the intermetallic 

phase, subsequent decreases in the 600°C and 500°C consolidated alloy are attributed to the 

dramatically porous microstructures in the samples. The 600°C consolidated alloy has reduced Js 

due to the intermetallic phase presence and increased porosity, compared to the 700°C 

consolidated sample, as shown by the relative density in Table 3. Furthermore, the 500°C sample 
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which was poorly densified likely had less formation of the intermetallic phase, but large gaps and 

voids which were observed between particles were most likely attributable to the poor magnetic 

properties of the sample. In general, structural features on several length scales, as described above, 

play dramatic roles in designing alloys with targeted magnetic properties. These same structural 

features and defects can also be attributed to the measured electronic resistivities of the alloys.  

In the sintered CoFe – 6 wt. % P alloys, the increased electrical resistivity is attributed to 

the substitutionally alloyed P in CoFe, the presence of the nanocrystalline intermetallic phase 

particles, and the porosity of the bulk samples. By Matthiessen’s rule, in Equation 2 below,  

𝜌𝐵𝑢𝑙𝑘 =  𝜌𝑡 + 𝜌𝑖 +  𝜌𝑑,      (2) 

the bulk resistivity of a material is the sum of the sources of resistivity in the material [34]. Phonon 

scattering, ρt, the dominant source of electrical resistivity in a material, is intrinsic to the periodic 

crystalline structure of the material and is temperature dependent. ρi is the resistivity due to 

impurities, and ρd is the resistivity due to defects such as grain boundaries and other interfaces. In 

a metal alloy system, the resistivity due to impurities increases linearly with solute concentration 

[1], [34]. The substitutionally alloyed P in the CoFe lattice increased resistivity due to impurities 

increasing the scattering of charge carriers. In the CoFe – 6 wt. % P (10.5 at. % P) alloy, 

approximately one in every ten atoms in the CoFe structure was replaced by a P atom, disrupting 

periodic charge carrier motion. The exact contribution to the electrical resistivity of 

substitutionally alloyed P is difficult to ascertain without a known amount of P in solution in CoFe. 

Additionally, in this case, any P not in solution was in the (CoxFe1-x)2P intermetallic. While the 

bulk electrical resistivity of the (CoxFe1-x)2P intermetallic could not be found in the literature, 

according to Matthiessen’s rule, the phase contributed to increasing the bulk resistivity of the 

sintered alloy [34]. Furthermore, the fully enveloped, relatively small intermetallic phase particles 
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may have little effect on the measured electrical resistivity, as the charge carriers may not even 

interact with the intermetallic phase. The disruption to the periodic crystal structure of the alloy 

due to disorder at grain boundaries and interfaces between the CoFe matrix and the (CoxFe1-x)2P 

intermetallic phase particles on the order of 100 – 200 nm, further contributes to the electrical 

resistivity of the alloy through defect scattering. The resistivity due to defects, ρd, was maximized 

by achieving a nanocrystalline alloy. On a macro length scale, volume defects such as porosity can 

have some effect on the electrical resistivity of the bulk alloy. Similar to the intermetallic phase 

particles discussed previously, the individual pores themselves have little effect on the bulk 

resistivity of the alloy, as charge carriers can flow through the material without being disrupted by 

the pores. While pores of various sizes can be detrimental to magnetic properties, as discussed 

previously, continuous unconsolidated regions between powder particles can dramatically increase 

resistivity as in the case of the 500°C consolidated CoFe – 6 wt. % P alloy. Not found in the 700°C 

and 600°C consolidated alloys, large, macro-scale gaps and voids between powder particles found 

in the 500°C consolidated alloy prevented physical contact between particle surfaces. These voids 

between particles are attributed to the most dramatic increases in the measured electrical resistivity 

of the bulk material. Just as structural features and defects are used to target specific magnetic 

properties in an alloy, those same structures and defects can be used to target electronic properties.  

2.5. Summary 

 Mechanical alloying was used to achieve well-alloyed, nanocrystalline, solid solution 

CoFe, CoFe – 0.8 wt. % P, and CoFe – 6 wt. % P powders which were then consolidated into bulk 

alloys using SPS. The bulk 1:1 ratio by weight CoFe alloys showed typical properties and 

microstructures of nanocrystalline CoFe. The addition of P in the CoFe – 6 wt. % P alloy resulted 

in some substitutionally alloyed P in a BCC solid solution of CoFe and the formation of a (CoxFe1-
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x)2P intermetallic phase. This intermetallic phase was found to have a strong thermodynamic 

driving force and precipitated at temperatures as low as 500°C and prevented the achievement of 

solid solution microstructures observed in CoFe – P films from previous literature [32], [33]. 

Compared to the 1:1 ratio by weight CoFe alloy, the bulk CoFe – 6 wt. % P alloy displayed poor 

magnetic properties, however exhibited slightly increased electrical resistivity, attributed to 

structural features such as P substitution in the CoFe solid solution, the presence of the 

intermetallic phase, and porosity in the samples. To further target a soft magnetic material with 

high saturation magnetization and high electrical resistivity, a solid solution alloy is necessary. 

Further thermodynamic modeling and non-equilibrium processes may be necessary to design an 

alloy composition to avoid stable secondary intermetallic phases and maintain unstable 

microstructures. Lower temperature consolidation techniques, such as cold isostatic pressing 

(CIP), may be necessary to achieve far from equilibrium solid solution structures in bulk alloys 

from mechanically alloyed powders. Lastly, while a bulk solid solution alloy may be one approach 

to targeting improved soft magnetic properties, metastable structures such as grain boundary 

segregants or continuous grain boundary phases may also be key microstructural features 

necessary for improved soft magnetic properties.  
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Chapter 3: Influence of an additively manufactured columnar grain microstructure on the 

magnetic and electronic behavior of the CoFe alloy 

3.1. Background 

 Preferred crystallographic orientations of the grains in polycrystalline soft magnetic 

materials, can be utilized to tailor the measured magnetic properties of the material. As discussed 

in Chapter 1, to achieve high Js and low coercivity in transformer cores, Si-steels are textured by 

rolling the steel into sheets which are then layered into bulk transformer cores. The rolling process 

orients grains such that a preferential direction for magnetization is produced along the length of 

the Si steel sheets and the favorable properties are only measured in the magnetization directions 

used in the transformer core application [14], [15], [60]. This is possible because crystalline soft 

magnetic alloys have preferential directions for magnetization which correspond to specific 

crystallographic directions in the lattice of the alloy. In grain oriented Si-steels, this 

magnetocrystalline anisotropy is beneficial to the magnetic properties of the alloy since the 

microstructural texture is controlled, maximizing Js and minimizing coercivity of the alloy [9]. If 

the crystallographic texture is uncontrolled, the magnetocrystalline anisotropy of a crystal lattice 

can be detrimental to the magnetic behavior of a polycrystalline alloy. In a crystal lattice, there are 

easy and hard directions for magnetization which correspond to soft and hard magnetic properties, 

respectively. If randomly oriented, the easy and hard magnetization directions of individual grains 

may cause disruption of the magnetic behavior of a material. It has been previously found that in 

BCC crystal structures, the easy magnetization direction is along the [100] axis and the hard 

magnetization direction is along the [111] axis, while the easy direction in an FCC crystal structure 

is along the [111] axis [9], [10]. Ultimately, spin-orbit-lattice interactions between neighboring 

atoms and their electrons and crystallographic symmetry dictate the anisotropy of various crystal 

lattices [9], [61], [62]. Ideally, a textured transformer core material may operate such that the 
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magnetization of the core material is along the easy magnetization direction of the grains of the 

material. By controlling the crystallographic texture of a soft magnetic material, the efficiency of 

the material can be improved in specific directions for transformer core applications. 

Unlike CoFe alloys, the magnetic behavior of Si-steels has been developed and improved 

upon for industrial use by texturing the microstructures of the steels. The texturing of grains along 

the easy magnetization direction in Si-steels is accomplished through the use of conventional 

rolling processes, enabled by the Si-steel’s relatively ductile properties compared to CoFe alloys 

[14], [15], [60]. By contrast, the polycrystalline equiatomic CoFe alloy with randomly oriented 

grains has excellent magnetic properties despite the magnetocrystalline anisotropy of the alloy 

which could be improved by texturing the alloy. However, the CoFe alloy is extremely hard and 

brittle, preventing the alloy from being manufactured and processed using large scale techniques 

such as rolling or conventional machining as practiced in Si-steels [21]. To address the 

manufacturability issues of CoFe alloys, previous studies have focused on developing CoFe alloys 

with improved mechanical properties, such as development of the CoFeV ternary alloy [22]. A 

manufacturing technique to process brittle CoFe, while controlling crystallographic texture, is 

necessary to produce more efficient bulk CoFe alloys at large scales for transformer cores. 

Additive manufacturing techniques hold potential for producing bulk CoFe alloys with controlled 

microstructures necessary for more efficient soft magnetic transformer cores.  

Additive manufacturing (AM) methods have grown substantially to become potential one-

step processes for producing bulk metal components [48], [63]. Metal AM processes, such as laser 

directed energy deposition (L-DED) rely on the layer-by-layer deposition and solidification of 

highly localized molten metal [48], [64]. Laser engineered net shaping (LENS®) is a trademarked 

L-DED technology and has undergone development for use in large-scale industrial applications 
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[64], [65]. A LENS® apparatus and schematic diagram of the LENS® process are shown in Figure 

12 (a) and (b) respectively. 

 

Figure 12. A LENS® (a) apparatus and (b) schematic diagram of the L-DED additive 

manufacturing process for powder metals.  

In LENS® and L-DED processes, as shown in the schematic diagram in Figure 12 (b), blown 

metal powders are fed to a rastered focal point of a high-power continuous-wave laser beam [66]. 

The rastered laser produces a melt pool which powder is fed into before solidifying, depositing 

material on a substrate surface. The layer-by-layer deposition and rapid, non-equilibrium cooling 

rates on the order of 102 – 104 K/s typical of metal AM and L-DED  processes such as LENS® 

produces sharp thermal gradients and complex thermal history in AM components [48], [63], [64]. 

Adjusting L-DED and LENS® parameters thereby controlling processing conditions has enabled 

the development of microstructures unique to metal AM processes such as equiaxed, columnar, 

textured, graded, and even sub-granular cell microstructures in steels, Ti alloys, Al alloys, and Ni 

alloys [48], [67]–[73]. Development of AM processes has focused on the production of structural 

alloys to minimize the need for conventional, subtractive manufacturing techniques and have 

recently turned to the production of functional materials [48], [63], [64]. Because CoFe alloys are 

so brittle, the use of LENS® and metal AM techniques can potentially be key to producing more 
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efficient transformer cores by eliminating the need for conventional manufacturing of these alloys 

[48], [67], [68]. The columnar grain microstructures typical of metal AM parts may cause 

pronounced anisotropic magnetic behavior of the CoFe alloy which can be controlled for more 

efficient soft magnetic transformer cores. 

In this study, the CoFe alloy was deposited using the LENS® process to study the effect 

of a columnar grain microstructure on the magnetic behavior of the CoFe alloy. The 

magnetocrystalline anisotropy of CoFe alloys in combination with columnar microstructures 

common to AM processes can potentially cause improvements to the magnetic behavior of the 

CoFe alloy in specific directions, enabling development of more efficient transformer cores. If the 

microstructural texture and thus, magnetic properties, of AM CoFe alloys can be controlled, grain 

oriented CoFe alloys can be developed to improve efficiency of transformer cores while avoiding 

conventional manufacturing issues related to brittle CoFe alloys.  

3.2. Experimental Methods 

Gas atomized, pre-alloyed equiatomic CoFe powder with particle size below 150 µm was 

purchased from Oryx Advanced Materials (Fremont, CA, USA) and was used as feedstock 

material for LENS® depositions. The Optomec LENS® 750 Workstation (Albuquerque, NM), 

shown in Figure 12, fitted with a 1000 W continuous wave IPG Photonics YLR fiber laser with a 

central wavelength of 1070 nm was used to deposit three 12.7 mm x 12.7 mm x 12.7 mm CoFe 

sample cubes with the same deposition parameters except laser power. The CoFe samples were 

deposited in an inert argon atmosphere with less than 20 ppm oxygen concentrations. A powder 

feed rate of 3 rpm corresponding to 24.2 grams/minute and laser scan speed of 16.9 mm/s were 

used for all samples with laser powers of 400 W, 450 W, and 500 W. Successive layers were 

deposited with hatch patterns rotated 90° each layer. The layer thickness was set to 0.38 mm and 
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hatch spacing (spacing between adjacent tracks) was set to 0.25 mm. Using wire electronic 

discharge machining (EDM), cross sections of the deposited samples were sliced such that the 

viewing plane was normal to the build direction of the sample. The wire EDM was also used to 

cut two 5 mm OD x 2 mm HT discs from each deposited sample for magnetic properties 

measurements. Each sample was cut such that one disc was cut with its cylindrical length parallel 

to the + Z build direction of the sample, and one disc with cylindrical length perpendicular to the 

+ Z build direction of the sample.  

The microstructures of the cross sections of the deposited samples were analyzed using an 

Olympus BX53 optical microscope after polishing the cross section using 0.4 µm colloidal 

alumina. All micrographs shown are normal to the + Z build direction of the samples. The densities 

of the discs cut from the deposited samples were measured using the Archimedes method and a 

relative density was calculated based on the theoretical density of a BCC CoFe unit cell with lattice 

parameter of 0.28506 nm, as reported for the B2 ordered BCC structure of CoFe in previous 

literature [21], [46], [47]. 

The magnetic and electronic properties of the consolidated discs were measured by a team 

at Sandia National Laboratories (Albuquerque, NM, USA). The cut discs were used to measure 

the saturation magnetic polarization and coercivity of the CoFe alloy, perpendicular and parallel 

to the + Z build direction of the sample using a Quantum Design MPMS superconducting quantum 

interference device magnetometer. To measure electrical resistivity across the surface of the 

consolidated discs, four tungsten probes were aligned with 1 mm pitch across the circular face of 

the discs. To measure resistivity through the height of the consolidated discs, copper strips were 

fitted to the circular faces of the discs and instead of probes, clips attached to the copper strips 

were used as the leads. The leads were driven by a Keithley 2425 SMU set to 1 µV resolution and 
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10 NPLC averaging cycles to reduce noise. The current was swept from 100 mA to 1 A. All discs 

were isolated from the sample chuck using non-conductive, double-sided tape during 

measurements. 

3.3. Results and discussion 

3.3.1. Solidification behavior 

 In the optical micrographs shown in Figure 13 (a), (b), and (c), columnar grains are 

observed in the cross sections of as-built microstructures of LENS® deposited CoFe alloys at all 

three laser power settings.  

 

Figure 13. Optical micrographs of the cross section of as-deposited CoFe alloys deposited with 

laser power settings of (a) 400 W, (b) 450 W, and (c) 500 W, showing columnar grains, circled 

in red, and spherical and irregularly shaped pores, especially near the substrate-bulk interfaces in 

the lower micrographs. 

The columnar grains observed in all the optical micrographs are on the order of approximately 500 

µm tall and approximately 50 – 100 µm wide. The columnar grain microstructure is uniform across 

the bulk of all the deposited samples. Between samples deposited with the 400 W, 450 W, and 500 

W laser power setting, the 400 W deposited sample has the most porosity, the 450 W deposited 

sample has less, and the 500 W deposited sample has the least amount of observed porosity in 
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Figure 13 (a), (b), and (c), respectively. Across all the deposited samples, more porosity is observed 

near the substrate CoFe alloy interface than in the bulk of the CoFe alloy. In the optical 

micrographs of all the deposited samples, some of the observed pores are spherical. However, in 

the optical micrographs of the 400 W and 450 W deposited samples, large, irregularly shaped pores 

are also observed, but are not observed in the 500 W deposited sample. The relative densities of 

the discs cut from the as-built CoFe alloys are shown in Table 4 below. 

Table 4. Measured properties of the discs cut from the as-built CoFe LENS® deposited cubes 

with varied laser power setting and orientation of discs cut from the sample cubes. 

LENS® 

laser 

power 

[W] 

Direction of 

measured 

properties (ref. to 

build height, + Z) 

Relative 

density (% 

of 

theoretical) 

Saturation 

polarization 

(J
s
) [T] 

Coercivity 

(H
c
) [A/m] 

Surface 

resistivity (ρ) 

[µΩ·m] 

400 

Parallel to Z 98.21 2.39 338 0.082 ± 0.019 

Perpendicular to Z 97.29 2.41 379 0.08 ± 0.01 

450 

Parallel to Z 97.41 2.34 332 0.076 ± 0.016 

Perpendicular to Z 98.27 2.38 324 0.087 ± 0.017 

500 

Parallel to Z 97.73 2.41 325 0.081 ± 0.013 

Perpendicular to Z 97.07 2.36 368 0.075 ± 0.016 

As reported in Table 4 above, all the samples were deposited near fully dense, with relative 

densities above 97%. However, the relative densities reported in Table 4 are measured from the 

discs cut from the deposited sample cubes and may be misrepresentative. Using the LENS® 

process, the equiatomic CoFe alloy was well deposited to near full density at laser power settings 

of 400 W, 450 W, and 500 W. 
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The columnar grain microstructures observed in Figure 13 (a), (b), and (c) are typical AM 

microstructures and are approximately ~500 µm tall [48], [74], [75]. In general, the columnar 

grains are due to the sharp thermal gradients and high heat flow, as reported of LENS® and other 

metal AM and L-DED processes, and are dependent on the AM process parameters used [48], 

[63], [74], [75]. The thermal gradients and heat flow during the AM process were not studied in 

this work but can be quantified from thermal measurements during the build process. These 

process conditions and thereby the AM process performance and the as-built microstructures, can 

be controlled by adjusting the AM process parameters, such as scan speed, powder feed rate, laser 

power, etc. [63], [76], [77]. For example, equiaxed grains in the CoFe alloy can possibly be 

achieved by increasing solidification rates and reducing thermal gradients which can be attained 

by slowing scan speeds and using minimal laser power. However, in general, higher laser power 

is necessary to improve material deposition rate and density [63], [78]. In this study, only optical 

microscopy was used to observe the microstructures of the as-built CoFe alloys. From previous 

studies of the LENS® hatch rotation parameter used in this study, there is likely little to no 

texturing in the CoFe alloys [73]. The rotation of the laser scan direction in subsequent hatched 

layers randomizes the orientation of solidifying and growing grains. As reported by Terrassa et al., 

by using a LENS® hatch rotation parameter of 0°, crystallographic orientation is maintained across 

subsequent deposited layers [73]. In future AM studies of the CoFe alloy, this phenomenon could 

be useful in developing a textured CoFe alloy. However, it may be noted the bulk dimensional 

accuracy of an as-deposited part is improved by using cross hatching, instead of overlaying tracks 

directly atop each other in the same path and direction. Ultimately, the as-built CoFe alloys 

consisted of columnar grain microstructures, typical of LENS® and metal AM.  
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The porosity observed in the deposited CoFe alloys is also typical of metal AM 

microstructures. As expected, in Figure 13 (c), smaller and less frequent pores are observed in the 

optical micrographs of the 500 W laser power deposited sample, as compared to the 450 W and 

400 W laser power deposited samples. As previously reported, the higher laser power increased 

the energy density applied to the melt pool during the AM process and assisted in increasing 

material deposition density [63], [77], [78]. The irregularly shaped pores, in Figure 13 (a) and (b), 

were observed in the optical micrographs of the samples deposited with 400 W and 450 W laser 

powers. Upon close inspection, particles which were not properly melted are observed in the pores 

and around the pore edges. Either a higher laser power, slower scan speed, or smaller hatch spacing 

can be used to fully melt these particles and eliminate these lack-of-fusion pores [63], [78]. The 

spherical pores seen in all the samples are most likely due to trapped argon gas or could be 

shrinkage voids formed during the rapid solidification of the deposited material. Additionally, 

more porosity observed near the substrate – deposited alloy interface is typical of AM processes 

as parameters are static and do not account for material property changes. Ultimately, the samples 

of all three laser power settings were well deposited to near full densification and had typical 

LENS® microstructures.  

3.3.2. Magnetic and electronic behavior 

 As reported in Table 4 above, the Js and coercivity of all the discs, both perpendicular and 

parallel to the LENS® build direction was measured to be on the order of 2.3 T and 300 A/m, 

respectively. The electrical resistivity of the CoFe discs, both perpendicular and parallel to the 

LENS® build direction was measured to be on the order of approximately 0.08 µΩ·m. The 

relatively high Js, low coercivity, and low electrical resistivity measured in the LENS® built CoFe 

alloy discs were typical properties of CoFe alloys processed with other methods [9], [15], [21]. 
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Additionally, the properties measured parallel and perpendicular to the LENS® build direction 

show little to no significant dependence on directionality. 

 Despite the columnar grain microstructure, little to no effect of the columnar grain 

orientation on magnetic properties was observed. While specific grain orientation may not 

necessarily drastically diminish or increase Js, the coercivity can dramatically shift, depending on 

the alignment of the easy and hard magnetization directions of the crystal structure [9], [21], [61], 

[62], [79]. However, no such shift in coercivity is observed between properties measured parallel 

or perpendicular to the columnar grains and LENS® build direction. Despite the columnar grain 

microstructure extended along the length of the LENS® build direction, the orientation of the 

columnar grains is still likely random, not textured. Random orientations of grains, columnar or 

otherwise, diminish the observable effects of the magnetocrystalline anisotropy of the underlying 

crystal structure of soft magnetic alloys. Furthermore, the B2 ordered BCC structure of the CoFe 

alloy has high symmetry and can be described by two super-imposed simple cubic crystal 

structures. The high symmetry of the B2 structure can further diminish first order terms in the 

calculations of magnetocrystalline anisotropy [9], [21]. In these LENS® deposited alloys, the 

columnar microstructure had little effect on the magnetic properties of the CoFe alloy because 

their crystallographic orientations were still random. To truly control the anisotropic nature of the 

CoFe alloy to improve magnetic properties, further control of texture and discrete grain orientation 

is necessary. In the future, further characterization of the exact orientations of columnar grains is 

needed to determine the effects of the microstructure on the anisotropic behavior of LENS® 

deposited CoFe. Additionally, in this work, high electrical resistivity in the CoFe alloy was not 

targeted, but as suggested by Goll et al., microstructures achievable with AM, such as intentional 

pores, voids, or channels can be designed and fabricated to target high resistivity in a bulk CoFe 
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alloy. As discussed previously, adjusting the hatch rotation parameter may be key to controlling 

the texture of as-deposited CoFe alloys. AM is a key process in further amplifying the design of 

CoFe alloy compositions and microstructures with targeted properties for more efficient soft 

magnetic transformer cores and can be further developed with process parameters which control 

the texture of CoFe alloys in as-built parts.  

3.4. Summary 

 The LENS® AM process was used to deposit the CoFe alloy with columnar grain 

microstructures. The magnetic properties of the CoFe alloys were as expected and typical of CoFe 

alloys processed with other methods. Little to no effect of the magnetocrysalline anisotropy of the 

alloy was observed, despite the columnar grain microstructure. This lack of anisotropy was 

attributed to the fact that despite the columnar morphology of the grains, the orientations of the 

grains was random. Texturing of AM deposited grains may be achieved by adjusting the LENS® 

hatch rotation parameter. AM can be a powerful tool for producing large scale CoFe-based 

transformer core alloys, especially if process parameters are tuned to control texture of the 

deposited alloy. Future CoFe alloys for soft magnetic transformer cores should be designed with 

the forethought of the AM process conditions to enable AM achievable microstructures.   
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Chapter 4: The influence of an Al2O3 coating on consolidated CoFe powder 

4.1. Background 

 Development of soft magnetic composites (SMCs) as a design approach to more efficient 

soft magnetic transformer cores began in the 1990s and gained notoriety for their potential to 

significantly minimize magnetic energy losses [8]. SMCs can potentially achieve high Js, low 

coercivity, and high electrical resistivity, necessary to maximize power density and minimize 

magnetic energy losses, when a magnetically ordered phase is properly intermixed with a non-

magnetic and electrically insulating phase [8], [29], [30], [80], [81]. From Equation 1, in Chapter 

1, by increasing the bulk electrical resistivity and by reducing d, electrical domain size of eddy 

currents of a soft magnetic material, the eddy current losses of the material are reduced [9]. SMCs 

can achieve high bulk electrical resistivity and reduced electrical domain sizes by fully intersecting 

a magnetic phase with a continuous phase which is non-magnetic and electrically insulating. 

Ultimately, the achievable magnetic properties of a SMC are controlled by the volume fraction, 

morphology, and distribution, of the non-magnetic, insulating phase. If not properly controlled, a 

high volume fraction of the non-magnetic phase detrimentally increases coercivity and reduces Js 

and permeability by physically separating and inhibiting magnetic interaction between the 

magnetic phase. Compared to discontinuously distributed non-magnetic fibers or particles, a 

continuous non-magnetic phase intersecting dispersed particles of a magnetic phase has been 

shown to be more effective at tailoring the magnetic and electronic properties of SMCs. A 

continuous phase prevents long range charge carrier transport and more effectively increases the 

measured resistivity of the SMC. Additionally, the thickness of the continuous phase between 

magnetic particles can be adjusted to tailor the magnetic interaction of the particles and thus the 

magnetic behavior of the SMC. The volume fraction, morphology, and distribution of the magnetic 
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phase in an SMC can be adjusted to maintain high Js, high permeability, and low coercivity, and 

achieve high electrical resistivity [29], [30], [80], [81]. Development of SMCs and their 

microstructures can potentially achieve more efficient properties for soft magnetic transformer 

cores.  

  One of the most practical approaches to SMC development has been the consolidation of 

coated ferromagnetic powder particles. Ferromagnetic powders maximize the achievable Js in 

SMCs and are coated with an insulating layer to restrict charge carrier movement in the bulk, 

consolidated SMC. Once consolidated, the coatings on the powder particles form a continuous 

phase, intersecting the ferromagnetic particles. By selecting powder particle sizes (typically on the 

range of 5 – 200 µm) and controlling the powder coating thickness, the bulk volumetric phase 

fraction of the insulating phase can be adjusted [29], [30], [80], [81]. In many studies, Fe powders 

have been coated with organic polymers such as epoxies and resins, allowing the coated powders 

to be densified with relatively low consolidation pressures and temperatures. Organic polymer 

SMCs yielded moderate resistivity, on the order of 100 µΩ·m, but typically do not withstand 

temperatures above 300°C and have low Js, less than 1.0 T [82], [83]. In other approaches, 

consolidated SMCs made with coatings of Al2O3 or SiO2 on Fe powder particles reached high 

resistivities on the order of 100 - 1000 µΩ·m, and moderate Js, approximately 1.0 - 1.5 T [84]–

[88]. However, the processes used to coat powders with Al2O3 are relatively small-scale batches 

and have not enabled large production volumes of SMCs. Furthermore, the ceramic coating on 

metal powders requires higher temperatures and thus longer sintering and consolidation times, 

allowing equilibrium structures to form which may hinder magnetic and electronic properties [30], 

[80]. Large-scale, powder coating and consolidation processes are necessary to develop more 

efficient SMCs for transformer core applications. In recent years, deposition methods have been 
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developed to effectively coat large batches of metal powders with ceramic coatings. Industrially 

developed Al2O3 coating deposition processes can produce large volumes of coated powders which 

can be consolidated into SMCs with controlled microstructures and properties. Non-equilibrium 

SPS consolidation processes have been developed over the years and can rapidly consolidate metal 

and ceramic powders. The rapid heating rates and sinter times associated with SPS can be used to 

fully densify metal powders coated with a ceramic without the formation of new phases or mixing 

of the constituent elements. Instead of Fe, the equiatomic CoFe alloy which has significantly 

higher Js can be used as the ferromagnetic powder to maintain better soft magnetic properties in 

SMCs [21], [30], [80]. In this study, A large-scale deposition process was used to coat a large 

volume of CoFe powder particles which were subsequently densified using SPS consolidation. A 

fully dense SMC with an Al2O3 phase fully intersecting CoFe powder particles was targeted by 

consolidating the coated CoFe powders using SPS to achieve high Js, above 2.0 T, and high 

electrical resistivity, above 1.0 µΩ·m.  

4.2. Experimental methods 

4.2.1. Material preparation 

 Gas atomized, pre-alloyed equiatomic CoFe powder particles, with a particle size below 

150 µm, were purchased from Oryx Advanced Materials (Fremont, CA, USA) and were used as 

the feedstock powder to be coated with Al2O3. Approximately 1 kg of CoFe powder particles were 

coated with 2 vol. % Al2O3 by Advanced Powder Solutions (Middlesex, NJ, USA) with a 

proprietary chemical vapor deposition process. Using a Fuji SPS-825S DR. SINTER (Fuji 

Electronic Industrial Co., Ltd., Kawasaki, Japan) SPS with a maximum pulsed DC output of 12 V 

and 8000 A, the as-coated powders were consolidated at 700°C and 1000°C under a vacuum of 
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less than 5 Pa to form 5 mm OD x 2 mm HT samples. The samples were then polished for magnetic 

properties measurements and cross sectioned for microstructural evaluation.  

4.2.2. Microstructural characterization 

 The Archimedes method was used to measure density of as-consolidated SMC discs. To 

assess the relative density the measured density was compared to the theoretical density of a BCC 

CoFe structure with 2 vol. % Al2O3. The phase composition of the as-received powders and 

consolidated SMCs was assessed with a Rigaku SmartLab X-ray diffractometer (XRD) equipped 

with a Cu Kα (λ = 0.1542 nm) radiation source. As-received coated powders were mounted in 

KonductoMetTM and mechanically polished to 0.04 µm to evaluate the microstructural features of 

the cross-sections of powders. The consolidated SMCs were cross-sectioned using wire electronic 

discharge machining (EDM) and were mechanically polished to 0.04 µm to evaluate the 

microstructural features in the cross-section of the SMCs, perpendicular to the SPS loading 

direction. The microstructures of cross-sectioned as-coated powders and consolidated SMCs were 

characterized using a FEI Quanta 3D field emission gun scanning electron microscope (SEM) 

equipped with a pole piece mounted backscatter electron (BSE) detector and an Oxford energy 

dispersive X-Ray spectrometer (EDS). All micrographs of the consolidated discs are normal to the 

uniaxial SPS loading direction.  

4.2.3. Magnetic and electronic properties measurements 

 The magnetic and electronic properties of the consolidated discs were measured by a team 

at Sandia National Laboratories (Albuquerque, NM, USA). To evaluate the Js and coercivity of the 

consolidated discs, the magnetic properties were measured using a Quantum Design MPMS 

superconducting quantum interference device magnetometer. To better measure the effects of the 

Al2O3 coating and avoid surface defects from the consolidation and polishing process, the 
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electrical resistivity through the height of the consolidated discs was measured. To measure 

resistivity through the height of the consolidated discs, copper strips were fitted to the circular 

faces of the discs and clips attached to the copper strips were used as leads. The leads were driven 

by a Keithley 2425 SMU set to 1 µV resolution and 10 NPLC averaging cycles to reduce noise. 

The current was swept from 100 mA to 1 A. All discs were isolated from the sample chuck using 

non-conductive, double-sided tape during measurements. 

4.3. Results 

4.3.1. As-coated powder 

 The SE micrograph and corresponding BSE micrograph and EDS elemental maps of the 

as-coated powders are shown below in Figure 14 (a), (b), (c), (d), and (e) respectively.  

 

Figure 14. (a) Secondary electron micrograph of as-coated Al2O3 coated CoFe powders and (b) 

corresponding backscatter electron micrograph and energy dispersive X-ray spectroscopy 

elemental maps depicting the Al2O3 coating fully surrounding the CoFe powder particles. 

The bright, needle-shaped particles in the SE micrograph in Figure 14 (a) are artifacts of the 

KonductoMetTM polymer the powders are mounted in for cross-sectional polishing. From the SE 

micrograph in Figure 14 (a), spherical powder particles with an average particle size on the order 

of 10 µm are observed. Grain features can be observed in both the SE and BSE micrographs in 
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Figure 14 (a) and (b) and have grain sizes on the order of 5 µm. In the BSE micrograph in Figure 

14 (b), the Al2O3 coating is observed as a dark gray phase surrounding powder particles. The Al2O3 

coating is also observable in the EDS elemental maps in Figure 14 (c) fully coating CoFe powder 

particles. The Al2O3 coating is approximately 2 - 5 µm thick. In Figure 15 below, the XRD pattern 

of the as-coated powders is plotted and is compared with the SMCs made from the powders, 

consolidated at 700°C and 1000°C. 

 

Figure 15. X-ray diffraction patterns comparing the as-received gas atomized CoFe powders, the 

as-coated Al2O3 coated CoFe, and the coated powders consolidated at 700°C and 1000°C. 

From the XRD pattern of the as-coated powders in Figure 15, additional Bragg’s Law satisfying 

peaks, corresponding to Al2O3 appear at 2θ angles of 40.289° and 44.097° in addition to the major 

BCC peaks for CoFe. The coated powders were consolidated at 700°C and 1000°C, targeting fully 

dense SMCs with the Al2O3 phase intersecting the CoFe powder particles for high Js and high 

electrical resistivity.  

4.3.2. Spark plasma sintered CoFe – Al2O3 soft magnetic composites  
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4.3.2.1. 1000°C spark plasma sintered soft magnetic composite 

 The XRD pattern of the CoFe – Al2O3 composite is shown in Figure 15 for comparison 

with the as-coated powder before SPS consolidation. As shown in the XRD pattern of the 1000°C 

consolidated composite, after SPS consolidation, the major peaks for a BCC CoFe structure are 

observed. Unlike the as-coated powder XRD pattern, an additional peak is not observable or 

indexed by the Rigaku SmartLab XRD software. Similar to the as-coated powder XRD pattern, 

the observed peaks are relatively narrow. The relative density of the 1000°C consolidated 

composite is just under 95 %.  

 The SE micrograph and corresponding BSE micrograph and EDS elemental maps of the 

cross section of the 1000°C consolidated CoFe – Al2O3 composite are included below in Figures 

16 (a), (b), (c), (d), and (e) respectively. 

 

Figure 16. (a) Secondary electron micrograph of 1000°C consolidated CoFe - Al2O3 composite 

and (b) corresponding backscatter electron micrograph and energy dispersive X-ray spectroscopy 

elemental maps depicting the Al2O3 coating fully surrounding the CoFe powder particles. 

In the SE and BSE micrographs, little to no porosity is observable between powder particles, but 

some small, nanometer scale pores are found within powder particles. In the SE micrograph in 

Figure 16 (a), consolidated powder particles, bounded by the Al2O3 coating are observed. The 

polished Al2O3 coating has a morphologically different surface topology from the polished CoFe 
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powder particle cores, observable in the SE micrograph. From the corresponding BSE micrograph 

and EDS elemental maps in Figures 16 (b), (c), (d), and (e) the Al2O3 coating is distinctly 

observable from the CoFe powder by BSE contrast and EDS element detection. The coating is 

approximately 1 – 3 µm in thickness. In the BSE micrograph, the Al2O3 phase appears nearly black 

and the CoFe phase appears light to medium gray with contrast within powder particles due to 

grain orientation. Compared to the as-coated powder particles shown in Figure 14 (a) and (b), the 

1000°C consolidated powders appear less spherical and more elongated, and the average particle 

size remains on the order of 10 µm. Within the 1000°C powder particles, the grains appear to be 

larger than grains in the as-coated powders and have a grain size of approximately 10 µm, the same 

order of magnitude as the powder particles themselves. From Figure 16 (a) and (b), it is clear the 

powder particles consolidated at 1000°C are packed tightly with a near uniform Al2O3 phase 

coating the boundaries between particles.  

A SE micrograph and corresponding BSE micrograph of the 1000°C consolidated 

composite at higher magnification is shown below for further analysis in Figure 17 (a) and (b), 

respectively.  

 

Figure 17. Higher magnification (a) secondary electron micrograph and (b) 

corresponding backscatter electron micrograph, depicting the morphological barriers found in the 

particles, circled in blue and regions where CoFe appears between powder particles, in the Al2O3 

coating regions, circled in red. 
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Upon closer inspection of the boundaries between consolidated powder particles at high 

magnification, some CoFe between powder particles, in the Al2O3 coating regions, are observed. 

This CoFe presence in the coating is circled in red in the BSE micrograph in Figure 17 (b) above 

and can be observed upon close inspection of the EDS element maps in Figures 16 (c), (d), and 

(e). In the SE micrograph in Figure 17 (a), the Al2O3 coating can also be seen broken up in some 

regions between powder particles. Lastly, in the SE micrograph in Figure 16 (a) and circled in blue 

in the SE micrograph in Figure 17 (a), a morphological barrier up to approximately 10 µm wide is 

observed within powder particles, separating the Al2O3 coating from the CoFe powder particle 

core. However, no compositional or grain orientation difference is observed in the barriers in the 

BSE micrographs or EDS elemental maps.  

4.3.2.2. 700°C spark plasma sintered soft magnetic composite 

The XRD pattern of the 700°C consolidated SMC are shown with the as-coated powders 

XRD pattern in Figure 15 above. Like the 1000°C consolidated composite and the as-coated 

powder XRD patterns, the peaks of the 700°C consolidated composite XRD pattern are relatively 

narrow and the major peaks for the BCC CoFe phase are observed. In addition to the major BCC 

peaks, a peak corresponding to Al2O3 is observed at a 2θ angle of 42.764°. The additional peak in 

the 700°C consolidated composite XRD pattern does not appear at the same 2θ angle as the 

additional peaks in the as-coated powder XRD pattern.  

The SE micrograph and corresponding BSE micrograph and EDS elemental maps of the 

700°C consolidated composite are shown below in Figure 18 (a) (b), (c), (d), and (e) respectively. 
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Figure 18. (a) Secondary electron micrograph and (b) corresponding backscatter electron 

micrograph and energy dispersive X-ray spectroscopy elemental maps of the 700°C consolidated 

CoFe – Al2O3 composite, showing the distinct, continuous Al2O3 coating surrounding CoFe 

powder particles. 

The relative density of the 700°C consolidated composite was only approximately 82 %, relatively 

less dense than the 1000°C consolidated composite and appears more porous in the corresponding 

micrographs as well. From the SE micrograph in Figure 18 (a), porosity is observable within 

powder particle interiors, and between particles, in the Al2O3 coating. Compared to the 1000°C 

consolidated composite, the powders are more loosely packed in the 700°C consolidated 

composite. In the corresponding BSE micrograph, in Figure 18 (b), the Al2O3 phase, coating 

powder particles, appears nearly black and the CoFe particles appear light to medium gray with 

some contrast within powder particles due to grain orientation. The continuous Al2O3 coating of 

non-uniform thickness is observed between CoFe powder particles. Between particles, and at triple 

junctions especially, voids and gaps in the Al2O3 coating are observed. In the EDS element maps 

in Figure 18 (c), (d), and (e), no CoFe is detected in the Al2O3 coating regions between powder 

particles. A higher magnification SE micrograph and corresponding BSE micrograph is shown in 

Figure 19 (a) and (b), respectively. 
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Figure 19. Higher magnification (a) secondary electron micrograph and (b) 

corresponding backscatter electron micrograph of the 700°C consolidated composite, showing 

non-uniformity in the Al2O3 coating surrounding CoFe powder particles. 

In the SE micrographs in both Figures 18 (a) and 19 (a), powder particles bounded by Al2O3 

coatings are observed to have an average particle size on the order of 10 µm. Within the powder 

particles, grain features are observed to be ~ 5 µm, as in the as-coated powders. Lastly, in the SE 

micrographs, some powder particles appear bright, but show no compositional difference in the 

corresponding BSE micrographs or EDS elemental maps in Figures 18 (b) – (e) and 19 (b).  

4.3.3. Magnetic and electronic properties 

 The measured magnetic and electronic properties and relative densities of the consolidated 

CoFe – Al2O3 composites are reported in Table 5.  
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Table 5. Measured properties and relative densities of the consolidated CoFe – Al2O3 composites 

from this study, compared to previously reported properties of the CoFe alloy and other 

previously reported soft magnetic composites. 

Sample 

Saturation 

polarization 

(J
s
) [T] 

Coercivity 

(H
c
) [A/m] 

Through 

resistivity 

(ρ) [µΩ·m] 

Relative density 

(% of theoretical) 

1000°C SPS CoFe – Al
2
O

3
 1.90 ± 0.01 382 ± 6.1 0.20 ± 7.19 94.69 ± 0.24 

700°C SPS CoFe – Al
2
O

3
 1.88 ± 0.01 98.9 ± 6.1 

135.49 ± 

7.19 
82.54 ± 0.24 

CoFe previous literature 

[8], [15], [21], [25], [26], 

[43] 
2.3 – 2.4 10 - 1500 0.01 – 0.1 n.a. 

SMC previous literature 

[8], [15], [29], [30], [80]–

[83], [86]–[88] 
0.3 – 1.5 150 – 400 100 – 30000 n.a. 

 

Properties of the CoFe alloy and SMCs from previous literature are also shown in Table 5 for 

reference. While the 1000°C consolidated composite reached a measured Js of 1.90 T, slightly 

higher than the Js reported for the 700°C consolidated composite, both had noticeably greater Js 

than previous SMCs, but not compared to the CoFe alloy. The 700°C sample achieved an electrical 

resistivity several orders of magnitude higher than the CoFe alloy and the 1000°C consolidated 

CoFe – Al2O3 composite from this work. The coercivity of the 700°C CoFe – Al2O3 composite 

was approximately an order of magnitude less than the composite consolidated at 1000°C.  In 

previous literature of SMCs, far greater resistivities were achieved, at the cost of lowered Js. 

Ultimately, in this study, the Js of the composites was slightly lowered compared to the equiatomic 

CoFe alloy, but remained higher than that of SMCs produced in previous studies [30], [80]. In this 

study, compared to the 1:1 ratio by weight compared to the 1:1 ratio by weight CoFe alloy, a 
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dramatically increased resistivity was achieved by consolidating Al2O3 coated CoFe powders. 

However, the electrical resistivity achieved in this SMC is within typical limits of previous SMC 

studies. 

4.4. Discussion 

4.4.1. 1000°C consolidation behavior and microstructural evolution 

 The 1000°C consolidated composite achieved high relative density, nearly 95 %, and is 

attributed to the high temperature SPS consolidation of the powders. There may be some 

discrepancy in the calculated relative density and the observed porosity in the SE micrographs 

because the phase fraction of Al2O3 was taken to be 2 vol. % Al2O3 but was not quantitively 

confirmed in this study. In the SE micrographs in Figures 16 (a) and 17 (a), the porosity observed 

within powder particles is on the nanometer scale and is common in gas atomized powders not 

fully densified [25], [39]. At 1000°C, ½ Tmelt of Al2O3 and 2/3 Tmelt of CoFe was reached. Also, 

any thermal expansion of the graphite SPS dies during SPS consolidation was not accounted for 

and caused increased uniaxial pressure, up to approximately 210 MPa. This high temperature and 

pressure are attributed to the elongation and tight packing of powder particles as well as diffusion 

of CoFe into the Al2O3 coating. At a temperature above ½ Tmelt in metals, grain growth is expected 

and was observed in the 1000°C consolidated composite [89]. The consolidation of the CoFe – 

Al2O3 composite at 1000°C, relatively high temperature, is attributed to grain growth within the 

CoFe powder. Furthermore, at temperatures above 900°C, the α-BCC CoFe phase transforms to a 

γ-FCC CoFe phase, as shown in the phase diagram in Figure 3. During this phase transformation 

to FCC and back to BCC, further grain growth is likely to occur [89]. While CoFe and Al2O3 do 

not appear to have formed any new phase, as shown by the XRD pattern of the consolidated 

composite in Figure 15, at this temperature, it is likely that CoFe has started diffusing into and 
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through regions of the Al2O3 coating. In the BSE micrographs in Figure 17 (b), CoFe is observed 

in some of the regions between CoFe particles, replacing some of the Al2O3 coating, suggesting 

the diffusion of CoFe into the particle boundary region. While the Al2O3 coating mostly prevented 

coalescence of and grain growth across powder particles, some CoFe may have diffused into the 

Al2O3 coating. It is possible the features seen in SE micrographs of the 1000°C composite, and 

described above, are artifacts of the mechanical polishing process, causing the Al2O3 coating to 

appear broken up and CoFe to appear within the coating between powder particles. However, the 

low resistivity measured in this sample would further suggest the diffusion of CoFe into the coating 

between powder particles. Further analysis with HRTEM EDS, electron diffraction, or electron 

probe microanalysis may be conducted to study the diffusion of CoFe in Al2O3.  

In the XRD pattern of the 1000°C consolidated composite, an additional peak was 

expected, indicating the presence of Al2O3, but was not observed. The peaks which were observed 

are relatively narrow due to the coarse grain sizes and minimal strain in the consolidated and as-

coated powders. The diffusion of CoFe into the coated particle boundary regions may account for 

the absence of an Al2O3 peak in the XRD pattern. Only 2 vol. % Al2O3 was coated on the CoFe 

particles which is near the limit of detection for XRD analysis and may also account for the absence 

of an Al2O3 peak in the XRD pattern. It is also possible the absence of an Al2O3 peak in the XRD 

pattern may suggest some Al is in solution with CoFe. Atomic diffusion of CoFe or Al may have 

occurred when the composite was consolidated at 1000°C, but XRD alone does not have the 

resolution to confirm which, if any, elements diffused at all. 

 In the SE and BSE micrographs of the 1000°C consolidated composites, morphological 

barriers ranging up to approximately 10 µm thick in Figures 16 (a) and (b) and 17 (a) and (b), were 

observed but no compositional difference in the barriers was observed in EDS elemental maps and 
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as stated previously, no new phase was detected in XRD. Grain orientations in the CoFe powder 

cores seem to extend through these barrier regions, up to the particle boundary coating. Due to this 

and the fact the barrier seems to have a rough surface topology, observable in SE micrographs in 

Figures 16 (a) and 17 (a), the barriers are most likely artifacts from polishing. Ultimately, at 

1000°C, the CoFe – Al2O3 composite was consolidated to near full density. Noticeable CoFe 

diffusion into the Al2O3 coating boundaries between particles most likely occurred at this 

temperature, but no formation of a new phase was observed. Further in-depth analysis of CoFe or 

Al diffusion requires HRTEM EDS, electron diffraction, or electron probe microanalysis.  

4.4.2. 700°C consolidation behavior and microstructural evolution 

 In the XRD pattern of the 700°C consolidated composite in Figure 15, the major BCC CoFe 

peaks and an additional peak at a 2θ angle of 42.764° was observed. From previous literature, the 

additional peak most likely corresponds to the hexagonal α phase of Al2O3 [90]. However, a 

different set of additional peaks appear in the XRD pattern of the as-coated powders, at 2θ angles 

of 40.2859° and 44.097°. The extra peaks in the as-coated powder most likely correspond to the 

metastable cubic γ phase of Al2O3 [90]. The Al2O3 coating most likely undergoes a phase 

transformation from the metastable γ phase to the stable hexagonal α phase, which has been shown 

to occur at elevated temperatures and pressures in several previous works [90]–[92]. Additionally, 

the proprietary chemical vapor deposition powder coating process is a non-equilibrium process 

which potentially resulted in the deposition of a metastable Al2O3 phase on the CoFe powder 

particles. From the XRD pattern in Figure 15, after consolidation at 700°C, no evidence of 

formation of a new CoFe – Al2O3 phase was observed.  

 Compared to the composite consolidated at 1000°C, after consolidating the coated powders 

at 700°C, little to no grain growth was observed in the SE micrographs in Figures 18 (a) and 19 
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(a). At only 700°C, the Al2O3 coating only reached 0.35 its Tmelt and most likely prevented full 

sintering and consolidation of the coated CoFe particles [25], [39]. The large gaps and voids 

observed between particles in the continuous Al2O3 coating are indicative of only partial 

densification. While some gaps and voids are from particles which have fallen out of the sample 

during polishing, the fact some particles are loosely bound at all further suggests the coated powder 

was not fully consolidated at 700°C. Furthermore, the loose packing of the CoFe powder particles 

and thicker, more substantial Al2O3 phase at triple junctions between particles, also suggests the 

powder particles were not fully densified. Additionally, the particles which appear brighter in SE 

micrographs in Figures 18 (a) and 19 (a) most likely emit high SE signal due to charging effects 

of trapped electrons in SEM [1]. These particles are most likely also loosely bound and potentially 

able to fall out, preventing the flow of electrons into the rest of the microscopy sample. It is also 

possible the powder particles are well electrically insulated and isolated from the rest of the sample, 

also preventing the flow of electrons from the SEM beam. In either case, the presence of the bright 

particles further suggests incomplete densification of the coated powder particles at only 700°C. 

Ultimately, at only 700°C, a continuous Al2O3 phase intersecting CoFe particles was achieved and 

no new phases in the CoFe – Al2O3 composite were detected. However, the composite was not 

fully densified. Despite the incomplete densification of the CoFe – Al2O3 composite at 700°C, 

exceptional magnetic and electronic properties were observed.  

4.4.3. Magnetic behavior of the CoFe – Al2O3 soft magnetic composites 

 In Table 5, the magnetic properties of the 1000°C and 700°C consolidated composite 

showed only minor changes compared to the CoFe alloy and are attributed to microstructural 

features of the material. First of all, the exceptionally high Js achieved in the CoFe alloy is 

attributed to the B2 ordered BCC CoFe structure [6], [21]. The ordering of the CoFe alloy occurs 
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below 700°C and after cooling, therefore both consolidated composites would contain B2 ordered 

CoFe powder particles. However, the loose packing of powder particles can cause detrimental 

decreases to the Js. The empty space and gaps between magnetic particles can prevent full magnetic 

alignment of domain walls in separated magnetic particles [7]–[9]. By physically separating CoFe 

particles, the Al2O3 phase reduces the bulk Js of the composite. This effect is more noticeable in 

the 700°C consolidated composite as it is not fully densified, unlike the 1000°C consolidated 

composite which reached a higher density. However, both consolidated composites in this study 

achieved higher Js than in previous SMCs and is attributed to the CoFe powder particles and 

relatively high densification achieved using SPS. Because full densification was achieved in the 

1000°C composite, 1.90 T may be the maximum threshold Js for this composite without reducing 

the volume fraction of Al2O3. From this Js of 1.90 T, using a law of mixtures calculation, it is 

estimated there is approximately 20 % Al2O3 by volume in this SMC. The discrepancy from the 

targeted volume fraction of Al2O3 coated on CoFe powders is likely due to the broad particle size 

range consolidated in this study. Further improvement to the magnetic properties of the composite 

may be achieved by consolidating coated powders above a specific size range, effectively reducing 

the volume fraction of Al2O3 in the consolidated composite. In general, decreases to Js in SMCs 

compared to the equiatomic CoFe alloy are expected and can be controlled with densification and 

Al2O3 volume fractions. The Js reported of the SMCs in this study are exceptionally high compared 

to previous studies of SMCs and can be further improved upon in the future.  

 Similarly, the additional phase in a SMC can detrimentally cause increases in coercivity 

and therefore increased hysteresis losses. While the coercivity of the consolidated composites was 

not specifically targeted, the coercivity of the consolidated composites in this work was relatively 

low and in typical range of most SMCs. In general, larger grain sizes in soft magnetic materials 
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typically results in decreased coercivities [8], [30], [80]. Despite this, the 1000°C consolidated 

composite displayed a relatively higher coercivity than the composite consolidated at 700°C, 

which experienced less grain growth. It is possible small CoFe pathways which diffused into the 

Al2O3 coating cause disruptions to the magnetization reversal of the larger powder particles of the 

composite. It is also possible the coercivity reported for the 1000°C consolidated composite is not 

statistically significant. Nonetheless, the coercivity is typical of consolidated SMCs. Although not 

reported, the relative permeability, which was not directly targeted or studied was on the order of 

approximately 3 in both consolidated composites. Compared to CoFe, the relative permeability of 

the consolidated composites in this work is relatively low and less than ideal, although process and 

Al2O3 volume fraction adjustments could improve the relative permeability substantially. 

Ultimately, the coercivity and permeability of the composites produced in this study fall in the 

range of typical magnetic coercivities and permeabilities of previously studied SMCs.  

4.4.4. Electronic behavior of the CoFe – Al2O3 soft magnetic composites 

 The increased electrical resistivity of the CoFe – Al2O3 can be attributed to the Al2O3 

coating, similar to the observed changes in magnetic properties. In the 1000°C consolidated 

composite, compared to the CoFe alloy, only a minor increase, within statistical variance of CoFe 

alloys is observed. As depicted in Figures 16 (b) and 17 (b), and discussed previously, during SPS 

consolidation at 1000°C, Co and Fe atoms most likely diffuse into localized regions of the Al2O3 

coating between powder particles. This diffusion of CoFe most likely introduced electrically 

conductive pathways between particles, allowing charge carrier conduction across the Al2O3 

boundaries between powder particles. Additionally, the larger grain sizes observed in the 1000°C 

sample further decrease scattering events of charge carriers, decreasing electrical resistivity, 

although this would not account for a several order of magnitude difference [34]. Compared to 
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previously reported SMCs, the electrical resistivity of the CoFe – Al2O3 composite consolidated 

at 1000°C is relatively low. Ultimately, large increases in electrical resistivity were not observed 

in the 1000°C consolidated composite likely because CoFe diffused into Al2O3 boundaries 

between particles. To further increase the resistivity, the diffusion of CoFe into the insulating phase 

must be prevented.  

 By contrast, in the 700°C consolidated composite, the resistivity increased by nearly 4 

orders of magnitude compared to the CoFe alloy. The dramatic increase to electrical resistivity is 

attributed to the retention of a continuous Al2O3 coating during SPS consolidation with no 

diffusion of constituent elements, and the relatively low density of the composite. Compared to 

previously reported SMCs, the electrical resistivity reported in the composite consolidated at 

700°C is relatively low, but still within the typical range of properties. As discussed previously 

and shown in Figures 18 (a) and (b) and 19 (a) and (b), at 700°C, the composite was only partially 

densified. During SPS consolidation at 700°C, the CoFe particles remained fully bounded by the 

Al2O3 coating, effectively creating a continuous, porous phase of Al2O3 through the CoFe particles. 

The irregularities in the morphology of the Al2O3 phase at triple junctions and between particles 

prevents charge carrier conduction, increasing the bulk electrical resistivity measured through the 

composite. This increased resistivity can result in the reduction of eddy current losses of 

transformer cores by minimizing eddy currents in the bulk composite. Additionally, eddy current 

losses are further reduced by limiting the electrical domain size d to the size of coated powder 

particles as discussed with Equation 1 previously. If eddy currents are produced in the bulk 

composite, the eddy current sizes will be confined to individual CoFe powder particles and 

significant eddy current losses can be prevented. Ultimately, dramatic increases to resistivity in 

the 700°C consolidated composite, compared to the composite consolidated at 1000°C and CoFe 
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alloy are attributed to the SMC having a relatively low density and a fully continuous Al2O3 phase 

separating CoFe powder particles with no CoFe diffusion into that phase.  

4.5. Summary 

 A CoFe – Al2O3 composite was produced by consolidating Al2O3 coated CoFe powder 

particles via SPS, targeting a SMC with high Js and high electrical resistivity. The powder particles 

were coated with a large-scale, proprietary coating deposition process. After consolidating the 

coated powders at 1000°C, only minor changes to the magnetic and electronic properties were 

observed, compared to the CoFe alloy, and were attributed to CoFe diffusion into the Al2O3 

coatings between powder particles. The composite consolidated at 700°C displayed an exceptional 

combination of high Js, 1.88 T, and high electrical resistivity, 135 µΩ·m, and the properties were 

attributed to the SMC having relatively low density and a continuous Al2O3 coating surrounding 

CoFe powder particles. Further densification of the CoFe – Al2O3 composite after consolidation at 

700°C, without uncontrolled CoFe diffusion, may further improve magnetic and electronic 

properties of the composite. In the future, the consolidation of larger powder particle size ranges 

can reduce the volume fraction of Al2O3 and further target improved soft magnetic properties. 

However, larger powder particle sizes and therefore lowered Al2O3 volume fractions may result in 

reduced electrical resistivity. In this study, the focus was magnetic and electronic properties of 

these consolidated composites; future studies exploring mechanical behavior of the composite is 

recommended to further develop the CoFe – Al2O3 composite and others like it for widespread 

transformer core applications. The efficiency of soft magnetic materials may be increased by 

controlling secondary phase fractions and morphologies and constituent element diffusion in 

SMCs. 
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Chapter 5: Concluding Comments 

 A systematic approach to the microstructural design and development of CoFe – based soft 

magnetic materials for more resilient, power dense, and efficient transformer cores was 

undertaken. A critical understanding of the microstructural features in CoFe systems and their 

impact on the system’s magnetic and electronic properties is identified as a critical aspect for 

developing improved soft magnetic transformer cores. To this end, several studies of targeted 

microstructures in CoFe – based alloys were conducted to investigate the relationship between 

microstructural features and measured magnetic and electronic properties.  

 The first study was the development of a nanocrystalline, solid solution CoFe – P alloy to 

target a soft magnetic transformer core material with more efficient magnetic and electronic 

properties. Through the detailed study of the CoFe system and unstable microstructural features in 

CoFe – P films, a systematic approach to the synthesis of a bulk CoFe – P alloy with similar 

microstructures using established non-equilibrium powder metallurgical techniques was utilized. 

Mechanical alloying, followed by 700°C SPS consolidation of a low P concentration CoFe alloy 

successfully resulted in an alloy with a nanocrystalline, solid solution microstructure, but revealed 

little to no changes in magnetic and electronic properties compared to a similarly processed CoFe 

alloy with no P. Using the same processes, a high P concentration CoFe alloy was produced, but a 

stable, intermetallic (Co1-xFex)2P phase precipitated during SPS consolidation and was 

unavoidable even at lower temperatures, likely due to extremely low solubility of P in the alloy 

and thermodynamic stability of the intermetallic. The precipitated intermetallic phase was found 

to be detrimental to the final magnetic properties of the alloy and was attributed to the hard or 

permanent magnetic properties of the intermetallic phase. Ultimately, compared to the non-

equilibrium film deposition techniques utilized by Taslimi and Kalu, the high temperatures 
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experienced during SPS consolidation bring the alloy closer to equilibrium and prevented the 

retention of a supersaturated solid solution formed in the powders during mechanical alloying [32], 

[33]. The use of far from equilibrium processing techniques are necessary to develop a CoFe – 

based alloy for more efficient soft magnetic transformer core materials.  

 The second investigation focused on the impact of typical LENS® additive manufactured 

columnar grain microstructures on the magnetocrystalline anisotropic behavior of the equiatomic 

CoFe alloy. The CoFe alloy was deposited with the repeated LENS® process parameter but varied 

laser power settings. At all laser power settings, the CoFe alloy was deposited with typical 

columnar grain microstructures of LENS® additive manufacturing and reached nearly full 

densification. However, practically no effect of the magnetocrystalline behavior of the CoFe alloy 

was observed. The relatively isotropic behavior of the LENS® deposited CoFe alloy was attributed 

to the high symmetry of the B2 ordered BCC structure of the CoFe alloy and the lack of 

crystallographic texturing from the LENS® process. By using a 90° hatch rotation LENS® 

parameter, the columnar grains were randomly oriented in the CoFe alloys. To achieve a 

crystallographically textured deposited alloy, 0° hatch rotation LENS® parameters can be used to 

grow columnar grains epitaxially, ultimately maintaining a crystallographic orientation through 

the deposited alloys. By controlling LENS® parameters and therefore the solidification front of 

the metal additive manufacturing process, the microstructure, and specifically texture, of CoFe – 

based alloys can be controlled to unlock more efficient magnetic behavior of the alloy.  

 In the final study, a CoFe – based SMC with a continuous non-magnetic phase, fully 

intersecting CoFe particles was targeted to produce a more efficient soft magnetic transformer 

core. The morphology and distribution of the non-magnetic phase was aimed at producing a 

material with high electrical resistivity, without sacrificing high Js. Using a proprietary film 
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deposition technique, equiatomic CoFe powder particles were coated with Al2O3 and the coated 

powders were subsequently SPS consolidated at various temperatures. In the consolidated CoFe – 

Al2O3 SMCs, no new phases were formed and the CoFe powder core and Al2O3 powder particle 

coating, bounding particles were retained through SPS consolidation. In the consolidated SMC, a 

CoFe phase, fully intersected by a continuous, non-magnetic Al2O3 phase was achieved. At high 

temperature, CoFe was revealed to diffuse into the Al2O3 coating on particle boundaries and was 

found to be detrimental to the measured electronic properties of the SMC, resulting in a relatively 

low electrical resistivity. After consolidating the CoFe – Al2O3 SMC at relatively lower 

temperatures, the diffusion of CoFe was avoided and the electrical resistivity of the SMC was 

increased four orders of magnitude compared to the CoFe alloy and achieved exceptionally high 

Js compared to previously reported SMCs. A CoFe – based SMC with a continuous non-magnetic 

phase fully intersecting CoFe phase particles was successfully consolidated using SPS and 

achieved exceptional soft magnetic and electronic properties for use as a more efficient transformer 

core material.  
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Chapter 6: Recommendations for future work 

This work makes significant headway in the field of soft magnetic materials for improved 

transformer cores and better develops an understanding of microstructural features of CoFe – based 

alloys and their relationships with the magnetic and electronic properties of the alloy. Critical 

findings from this work can lead key directions essential for the growth of CoFe – based soft 

magnetic transformer core materials. These include the application of complex concentrated alloy 

design and the application of interfacial engineering to develop CoFe – based alloys with the 

microstructures necessary for improved soft magnetic properties.  

The design concepts for complex concentrated alloys can enable the production of CoFe – 

based alloys which can more easily achieve the microstructural features necessary for improved 

soft magnetic properties. The microstructural features for improved soft magnetic materials, such 

as the B2 ordered BCC CoFe structure, are well documented, but real materials with those 

microstructures can often be difficult to produce. Using complex concentrated alloy design 

approaches, CoFe – based alloys with stabilized B2 ordered or solid solution BCC phases can be 

developed and more easily targeted using non-equilibrium processing techniques. Predictive 

complex concentrated alloy design tools, such as CALPHAD can be used to determine the 

processing conditions necessary to achieve the non-equilibrium microstructures beneficial to soft 

magnetic properties. However, the CALPHAD databases must be further developed to include 

non-metallic elements useful in magnetically ordered alloys. Complex concentrated alloy design 

concepts can be used to drive the processing conditions for efficient soft magnetic materials.  

In addition to complex concentrated alloy design, the application of interfacial engineering 

can further lead development of materials with microstructures necessary for more efficient soft 

magnetic transformer cores. While the B2 ordered BCC CoFe phase yields exceptional magnetic 
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properties, an intersecting non-magnetic phase was found to yield beneficial electronic properties 

in SMCs. By applying interfacial science to complex CoFe – based alloys, an intersecting phase 

along interfaces such as grain boundaries can be designed to provide similar beneficial electronic 

properties as the non-magnetic particle boundary phase in SMCs. A smaller phase at grain 

boundaries can potentially have less detrimental effect on the measured magnetic properties of the 

bulk alloy, but further research surrounding the effects of a grain boundary phase on magnetic 

properties are necessary. Through the application of interfacial engineering, a new design approach 

to SMCs and soft magnetic materials can be realized, producing more efficient transformer core 

materials.  
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