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General introduction 
Soft magnetic alloys are materials that are amenable to easy magnetization and demagnetization. 

In addition to high reliability, low cost, and suitability for mass production just like other commercial 

products. So far, soft magnetic alloys have been employed in a large variety of devices, such as 

transformers, generators, and motors, also have been used in the generation and distribution of electrical 

energy, household appliances, and scientific equipment. With the increasingly essential demand for soft 

magnetic materials in the industry, automotive, and household appliances, it is important and urgent to 

develop new soft magnetic materials and improve the performance of traditional soft magnetic materials. 

Soft magnetic alloy is an important soft magnetic material, especially the iron silicon (Fe-Si) soft 

magnetic alloy, also named silicon steel, which is the most important soft magnetic material occupying 

the large majority of the soft magnetic market. It is urgent to develop more efficient, more design 

freedom manufacturing methods and improve the properties of the products.  

In recent years, metal additive manufacturing (AM) technology has attracted more attention since 

it can bring digital flexibility and efficiency to manufacturing operations. This technique allows the 

manufacturing of lighter, more complex designs that are more difficult or more expensive to fabricate 

by traditional dies, molds, milling, and machining. Selective laser melting (SLM), commonly known as 

laser-based powder bed fusion, a representative of sustainable metal fabrication, is one of the most 

attractive AM technologies. In the process of SLM, the powder is spread in thin layers and rapidly fused 

layer-by-layer via a high-density laser source to achieve products. Owing to the CAD-based design and 

fabrication process, the SLM process delivers a perfect challenge of improved performance, complex 

geometries, and simplified production for a variety of applications. It can be considered as an emerging 

technology to prepare metal components directly from raw materials. 

The available range of magnetic properties of soft magnetic materials was expanding, iron and iron 

silicon alloys are the most widely used. To look for better-performing manufacturing technologies for 

soft magnetic materials, the AM technique has been attracted wide attention. The freeform capabilities 

of the SLM process and the magnetic efficiency of silicon steel have the potential for the development 

of electromechanical component designs that could be particularly attractive for certain 

electromechanical applications. However, the research about AM Fe-Si-based soft magnetic alloy is still 

insufficient, especially a systematic study on the microstructure and materials properties of Fe-Si soft 

magnetic alloy via SLM technology is still lacking. So far, the research on SLMed soft magnetic alloys 

is still insufficient, and the investigation on SLMed Fe-Si-based soft magnetic alloys is only in the 

preliminary stage, lacking systematic research. Hence, systematic and detailed studies on SLMed Fe-

Si-based soft magnetic alloys should be conducted. To explore and develop this research field, a 

thorough investigation of SLMed Fe-Si soft magnetic alloy was studied in this thesis. This thesis is 

organized into six chapters, as follows: 

Chapter 1 provided a brief introduction to magnetism, and the soft magnetic materials, especially, 

Fe-Si alloys and their general fabrication processes and applications. Then, a review of the state of the 

art of AM and a description of the SLM technique, a bibliographic study of the SLMed soft magnetic 

alloys from mixed powder and pre-alloyed powder are also summarized. Especially, the bibliography of 

SLMed Fe-Si alloys was discussed and described in detail. More attention has been paid to the 

developments of SLMed Fe-Si alloys, including the investigation on SLM fabrication parameters, 

scanning strategy, post heat treatments. and magnetic performances. Moreover, a review of the effects 

of geometric and structural design on the microstructure and magnetic properties of SLMed Fe-Si soft 

magnetic alloys is also presented. Finally, the objectives of this thesis are clearly declared. 

Chapter 2 characterized the particle size distribution, morphologies, and microstructures of the raw 

powders. The SLM systems and their operation parameters, as well as the material and experimental 

procedures and test instruments used in this research work, are introduced. 
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To optimize the SLM parameters for producing Fe-Si alloy with good quality and understand the 

microstructure characteristics and material properties, chapter 3 discussed the effects of processing 

parameters on surface morphology, microstructure, and the magnetic properties of SLMed Fe-3wt.%Si 

alloy. 

Chapter 4 investigated the microstructures, DC and AC magnetic properties, and mechanical 

properties of SLMed Fe-3wt.%Si soft magnet. Especially, it investigated the crystalline texture and 

oriented magnetic properties of the SLMed Fe-3wt.%Si alloy firstly, and summarized the relationship 

between the texture and magnetic characteristics, carried on the theoretical elaboration. Then, the 

mechanical performances including microhardness, tensile properties were evaluated. Besides, this 

chapter also evaluated the effects of heat treatments on the microstructures and magnetic properties of 

SLM-processed Fe-3wt.%Si parts. 

In Chapter 5, the effects of silicon content on the microstructures and properties of selective laser 

melted silicon steels with the selected silicon contents of 3.5wt.%, 4.5wt.%, and 5.5wt.% were studied. 

The effects of annealed treatment on the microstructures, DC and AC magnetic properties of these 

SLMed silicon steels were also investigated and described. 

Finally, the conclusions and perspectives for future work are presented 
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Chapter I will introduce the current research progress of selective laser melting (SLM) technology 

to produce iron-based soft magnetic alloys. First, an introduction of magnetism and magnetic properties, 

especially, soft magnetic materials were provided. Then an introduction and review on additive 

manufacturing (AM) technology, especially the working principle, advantages, and applications of the 

SLM technique were presented. Finally, a state-of-the-art review on the production of SLM-produced 

soft magnetic alloys and composites was introduced. The objectives and researched contents were also 

described. 

1.1 Introduction to magnetism 

1.1.1 Magnetic fields 

The concept of the magnetic field is one of the most fundamental basics of magnetism. A magnetic 

field is produced whenever there is an electrical charge in motion. This can be due to an electrical current 

flowing in a conductor for example, as was first discovered by Oersted in 1819 [1]. A magnetic field is 

also produced by a permanent magnet. In this case, there is no conventional electric current, but there 

are the orbital motions and spins of electrons (the so-called 'Amperian currents') [2]. More specifically, 

when a field is generated in a volume of space it means that the energy of the volume has changed, and 

there is an energy gradient so that a force is produced which can be detected by the acceleration of an 

electric charge moving in the field, by the force on a current-carrying conductor, by the torque on a 

magnetic dipole such as a bar magnet or even by a reorientation of spins on electrons within certain 

types of atoms [3]. 

Magnetic fields are usually produced by solenoids or electromagnets, as shown in Figure 1.1, for a 

visual representation, the magnetic field is often depicted by magnetic field lines [3]. A solenoid is made 

by winding a large number of turns of insulated copper wire, or a similar electrical conductor, in a helical 

fashion on an insulated tube known as a 'former'. Solenoids are often cylindrical. An electromagnet is 

made in a similar way except that the windings are made on a soft ferromagnetic material, such as soft 

iron. The ferromagnetic core of an electromagnet generates a higher magnetic [3, 4]. 

 

Figure 1.1 Magnetic field lines: (a) around a single loop of current carrying a conductor, (b) around a 

solenoid, and (c) convention for finding which end of a solenoid acts as the north pole and the south 

pole [3]. 

1.1.2 Magnetic induction 

When a magnetic field H has been generated in a medium by a current, following Ampere's law, 

the response of the medium is its magnetic induction B, also sometimes called the flux density. All media 

will respond with some induction and, the relation between magnetic induction and the magnetic field 

is a property called the permeability of the medium. Free space shall also be considered to be a medium 

since a magnetic induction is produced by the presence of a magnetic field in free space. The lines 

encircle the conductor with current, and the magnetic field strength, H, is always generated in a direction 

(and plane) perpendicular to the current causing it [3]. 
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Figure 1.2 An electric current I in a wire generates a magnetic field measurable as magnetic field 

strength H: (a) general view, (b) cross-sectional view [4] 

The strength of the magnetic field at a given point in space depends on the magnetic path length l, 

measured in meters (m), through which the field travels. From the example shown in Figure 1.2, path l 

increases proportionally with the distance l. At any point in space, a magnetic field can be described 

quantitatively by a value of magnetic field strength, H. From the Maxwell equations (describing the 

laws of electromagnetism), the magnetic field strength can be derived for the configuration shown in 

Figure 1.2, and for an infinitely long conductor, the magnetic field strength at a given point is [5, 6]: 

 H =
I

l
=

I

2πr
 Equation 1.1 

If instead of a single wire, there are N closely positioned parallel wires carrying the same current I 

(e.g., as in a multi-stranded wire), therefore, 

 H = N
I

l
 Equation 1.2 

When the current is ‘wrapped’ in a coil, the field inside such a loop is intensified due to the 

contributions from all the sides (Figure 1.3). 

 

Figure 1.3 (a) Magnetic field around a loop of current, (b) a computer simulation of the cross-section 

showing the magnetic field lines [4] 

It can be calculated that, at the center of such a single-turn flat loop with radius r, the magnetic field 

strength is equal to 

 H = N
I

l
 Equation 1.3 

Besides, the current loops can be placed one after another in a series, creating a long coil or a 

solenoid (Figure 1.4). The magnetic field lines are concentrated inside the solenoid where the resulting 

magnetic field is the most uniform. 

It can be derived mathematically that, for an infinitely long solenoid wound with a negligibly thin 

wire, the magnetic field strength at the geometrical center (inside the solenoid) is equal to [7]  

 H =
NI

l
 Equation 1.4 

where N is the number of turns, I is the current (A) and l is the length of the solenoid. 



Chapter 1 Bibliography 

3 

 

Figure 1.4 An example of a coil: (a) solenoid, (b) a computer simulation of the cross-section showing 

the magnetic field lines inside the solenoid [4] 

Whenever a magnetic field is present in free space there will be a magnetic flux. This magnetic 

flux is measured in units of Webers and its rate of change can be measured since it generates an 

electromagnetic field in a closed circuit of a conductor through which the flux passes. It can be 

considered that the magnetic flux is caused by the presence of a magnetic field in a medium. Any 

medium exposed to a magnetic field is magnetized – that is, it responds with flux density, B. Substances 

consist of atoms, and these are spaced out by some distances so that a certain amount of ‘free space’ is 

present in any matter[3, 4, 8]. Hence, for a medium other than free space, the correlation between B and 

H should be written as a combination of the contributions from the free space (the μ0·H component) and 

the response of the material or substance (the μ0·M component) [7]. The defining relationship between 

the three magnetic field vectors is: 

 B = μ0(H + M) = μ0H + J Equation 1.5 

where μ0 is the magnetic permeability of the vacuum, B is the magnetic flux density or induction, 

H is the magnetic field, M is the magnetization or volume density of the magnetic moment, and J (μ0M) 

is the magnetic polarization. In materials science, it is more common to represent magnetic response in 

terms of M, whereas device technology most often uses J, which is analogous to the polarization (P) in 

dielectric materials. The response of magnetic materials can be represented in terms of M(H), B(H), or 

J(H). Within this magnetic response is embedded a complex mix of processes that includes domain wall 

motion, rotation of magnetic moments, and eddy current losses [8, 9]. 

1.1.3 Magnetic materials and their important magnetic properties 

Traditionally, only those materials that exhibit ferromagnetic or ferrimagnetic properties are called 

“magnetic.” Magnetic materials are broadly separated into two categories: soft and hard. When the 

magnetization processes (domain wall motion and domain magnetization rotation) occur in weak fields, 

the material is called a soft magnetic material or soft magnet. In some magnetic materials, the coercivity 

can be as high as 2 x 106 A/m. Such materials resist demagnetization (once magnetized) and therefore 

are called hard magnetic materials or permanent magnets. Materials having the highest possible 

saturation magnetization, remanence, and coercive force are used as permanent magnets. The usefulness 

of a permanent magnet is determined by the magnetic energy it can deliver at various flux densities. 

These high-energy hard magnetic materials are employed in a host of different devices in a variety of 

technological fields, such as motors. Other common devices that employ these magnetic materials are 

speakers in audio systems, lightweight earphones, hearing aids, and computer peripherals. The 

permanent magnets are also used in instruments like galvanometers, ammeters, voltmeters, wattmeters, 

compasses, electron beam focusing and positioning, telephones, loudspeakers, eddy current brakes, etc. 

Soft magnetic materials are used for the construction of cores for electric machines, transformers, 

electromagnets, reactors, relays, etc. The economic construction of such equipment demands that the 

https://en.wikipedia.org/wiki/Magnet#Magnetic_materials
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magnetic flux should be produced in the minimum space and with minimum loss. This study is mainly 

focused on soft magnetic materials. 

The most common way to represent the bulk magnetic properties of a magnetic material is by a 

plot of magnetic induction B for various field strengths H. Alternatively plots of magnetization M 

against H are used, but these contain the same information since B = μ0(H + M) [3, 10]. Hysteresis in 

iron was first observed by Warburg [11]. The term hysteresis, meaning to lag, was introduced by Ewing 

[12] who was the first to systematically investigate it. A typical hysteresis loop is shown in Figure 1.5. 

 

Figure 1.5 A typical hysteresis loop [13] 

To characterize the properties of a given magnetic material it is necessary to measure the magnetic 

induction B as a function of H over a continuous range of H to obtain a hysteresis curve [14]. As 

displayed in Figure 1.5, it can be seen that the magnetic material in its initial state is not magnetized. 

The application of magnetic field H increases the magnetic induction in the direction of a magnetic field. 

If H is increased indefinitely the magnetization eventually reaches saturation. In this condition, all the 

magnetic dipoles within the material are aligned in the direction of the magnetic field H. The saturation 

magnetization (Ms) is dependent only on the magnitude of the atomic magnetic moments and the number 

of atoms per unit volume [3, 15]. In another word, the Ms is the maximum magnetic moment per unit 

volume for a magnetic material. This intrinsic property is an important factor for soft magnetic 

applications since large values allow miniaturization [16]. 

The remanent induction (remanence, Br) or magnetization (Mr) is used to describe the remaining 

induction or magnetization when the field has been removed after magnetization. The remanence 

becomes the upper limit for all remanent inductions or magnetizations [3, 6]. 

 Br =  μ0Mr Equation 1.6 

The coercivity (Hc)is strongly dependent on the condition of the sample, being affected by such 

factors as heat treatment or deformation [17]. As with the remanence a distinction is drawn by some 

authors between the coercive field (or coercive force), which is the magnetic field needed to reduce the 

magnetization to zero from an arbitrary level, and the coercivity which is the magnetic field needed to 

reduce the magnetization to zero from saturation [3, 18]. Historically, the total magnetic loss was 

conceptually separated into three components: hysteresis, eddy currents, and excess [4, 19]. The 

hysteresis loss is related to domain walls. During magnetization, they are created and annihilated as well 
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as their movements are impeded by pinning sites such as impurities and crystal dislocations. Clearly for 

alternating current (AC) applications in which energy dissipation should be minimized the hysteresis 

loss should be as low as possible. This loss is closely related to coercivity so the processing of materials 

to reduce coercivity also reduces the hysteresis loss [20]. The eddy currents are always generated inside 

conducting material exposed to a varying magnetic field. For an idealized simplified case, such loss can 

be calculated from the first principles; hence this is often referred to as the classical eddy current loss 

[3, 21]. Indeed, Eddy current effects are dominant in metallic soft magnetic, where the principal 

magnetization process is just the eddy-current-damped motion of magnetic domain walls [22]. 

1.2 Soft magnetic materials 

1.2.1 The characteristics of soft magnetic materials 

Soft magnetic alloys are materials that are easy to magnetize and demagnetize. Coercivity is the 

parameter that is used to distinguish hard and soft magnetic materials. According to the international 

standard IEC 60404–1 (IEC, 2000) [23], soft magnetic materials are those materials with coercivity less 

than 1 kA/m. They are ‘soft’ because they can be magnetized to high values of B with low excitation. 

Broadly 'hard' magnetic materials were those with coercivities above 10 kA/m [4]. In an electrical 

machine, the magnetic losses or core losses are due to the soft magnetic material operating in a time-

varying magnetic field. Core losses are made up of eddy current losses that arise from circulating 

electrical currents induced in conducting materials (the electrical steel used in the stator and copper used 

in the motor windings) and magnetic hysteresis losses which are proportional to the enclosed area of the 

B–H loop of the particular material [24]. 

The most important properties of soft magnetic materials, in addition to high reliability, low cost, 

and suitability for mass production just like other commercial products, the details are as follows: 

(1) high saturation magnetization; 

(2) low coercivity; 

(3) high initial/maximum permeability (μmax); 

(4) low power losses; 

(5) high Curie temperature. 

To realize or improve these properties, soft magnetic materials are alloyed with other materials and 

heat-treated to optimize microstructures. This process introduces defects, grain boundaries, and 

impurities that hinder magnetic domain wall movement and significantly impair magnetic properties 

[25-27]. 

1.2.2 Classification and development 

The brief history of soft magnetic materials is summarized graphically in Figure 1.6, but it is by no 

means exhaustive. Magnetic iron and Fe–C alloys are also called low-carbon steel with carbon content 

are below 0.10wt.%, sometimes are also simply as soft iron [28]. They are the earliest soft magnetic 

materials, which have been used since the 1800s [29]. The common impurity elements in soft iron are 

O, N, Si, P, S, Mn, and Al [30]. They are still used nowadays due to their high saturation induction and 

lowest costs, although their original usage as the core material of transformers, generators, and motors 

is mostly substituted by Si-steels. The iron-silicon magnetic alloys were first investigated by Barrett, 

Brown, and Hadfield in 1900, they invented nonoriented silicon steel by adding up to 3% silicon to the 

iron and increasing its electrical resistivity while also increasing Mr [31, 32]. Since then, the soft 

magnetic alloy has entered the market. Often, aluminum is used as an additional intermediate grade 

because it promotes grain growth, which can lead to lower losses and higher electrical resistivity [30, 

33]. The properties of aluminum-iron are very similar to those of silicon-iron, but since the economic 

cost of using aluminum is higher than silicon at that time, these alloys are unlikely to replace silicon 

iron in applications where they both compete. Furthermore, the presence of Al2O3 particles in iron-

https://www.sciencedirect.com/topics/materials-science/soft-magnetic-material
https://www.sciencedirect.com/topics/materials-science/curie-temperature
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aluminum alloys causes rapid wear of punching dies, which is disadvantageous in the production process. 

They are used in electrical steel for special applications [3, 34]. 

 

Figure 1.6 A brief history of soft magnetic materials (not exhaustive, adapted from [9])  

In the 1910s, Gustav Elmen et al. studied nickel-iron alloys (permalloys) and discovered the nickel-

rich (78%) permalloy composition [35]. Permalloys are well known to have superior soft magnetic 

properties in terms of losses, magnetic permeability, magnetic field annealing response [36], and lower 

saturation magnetization but are more expensive than Si steels [37]. The saturation magnetic induction 

in iron-nickel alloys is represented in Figure 1.7. At present, the definition of permalloys has been 

extended to the alloys with Ni proportions ranging from 35% to 90% which contain small amounts of 

other elements [25, 38]. Most commercial permalloys within these Nickel-iron alloys are still used in 

some specialty inductive applications today but are not common in power electronics and electrical 

machines [8, 9]. 

 

Figure 1.7 Saturation magnetic induction in iron-nickel alloys [39] 
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In the late 1940s, J. L. Snoek [40] invented magnetically soft ferrites. Soft magnetic ferrites are 

cubic spinel structures with low coercivity ceramics formed by alloying Ni-Zn, Mn-Zn, or Co-Zn with 

magnetite (Fe3O4) [41, 42]. Since their higher electrical resistivity, ferrites are very popular in high-

frequency electrical components such as transformer cores and inductive toroidal cores in antenna [9, 

25, 43]. Some commercial toroidal ferrite magnetic cores are illustrated in Figure 1.8. 

 

Figure 1.8 Some commercial toroidal ferrite magnetic cores (adapted from [9]) 

The first magnetic amorphous Fe–C–P alloy was fabricated by rapid quenching in 1967 [44]. By 

the mid-1970s, interest in the iron-based and cobalt-based amorphous alloy was surging, and these 

materials began to be applied [8]. The coercivity of these alloys is substantially reduced due to long-

range disorders. They are unsurpassed in terms of high magnetic moments and high Curie temperature 

applications but are significantly more costly [45, 46]. Hence, they are mostly used for special 

applications and volume-constrained applications such as aerospace [47, 48]. In 1988, the 

nanocrystalline soft magnetic alloys were developed by Hitachi (Finemet alloys). It included Nb and Cu 

additives and added an annealing step to produce small and closely spaced crystallites of iron or cobalt 

within a matrix of amorphous material [49]. Figure 1.9 are three general commercial wound toroidal 

inductors and Magnetooptical Kerr effect image of the magnetization pattern on the surface of an 

amorphous alloy soft magnet. Compared with amorphous alloys, the formation of isolated transition 

metal grains reduces the eddy current loss of these materials. The market share of amorphous and 

nanocrystalline alloys in high-frequency power electronics and motors is increasing due to their low loss 

and competitiveness Ms [50, 51]. Although the initial cost is higher than that of silicon steel, these 

advanced alloys can reduce the total lifetime of power electronics and motors due to the reduction of 

losses [8, 9]. 

Soft magnetic composites (SMCs) gained acceptance in some soft magnetic applications in the 

early 1990s [52, 53]. These materials coat or mix magnetic particles including Fe powders and alloys 

such as Fe-P, Fe-Si, or Fe-Co between ~1 and 500 μm in diameter with insulating materials, and then 

combine them with high voltage. Of course, it can also be heated during or after this process to improve 

the magnetism [9, 52]. Although these materials have a distributed air gap that limits their relative 

permeability to a range of 100 to 500, they also have lower eddy current losses. The SMCs can also be 

pressed into more complex final geometry without any machining, which can greatly reduce 
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manufacturing costs. They have gained successful applications in rotating electrical machines since their 

isotropic nature, low cost, and ability to net-shape complex parts [54-57]. 

 

Figure 1.9 Two views of soft magnetic materials: (a) A row of three wound toroidal inductors mounted 

on a printed circuit board, (b) Magnetooptical Kerr effect image of the magnetization pattern on the 

surface of an amorphous alloy soft magnet, credits: (left to right) Billonll/Istock [9] 

1.3 Iron silicon (Fe-Si) alloys 

1.3.1 Crystallographic basis 

The magnetic Fe–Si alloy is usually called silicon steel or electrical steel. It is useful to modify iron 

with a small number of selected elements to increase electrical resistivity or change other favorable 

properties [39]. Figure 1.10 shows that iron, silicon, or aluminum additives produce the most dramatic 

increase in electrical resistivity [58]. The addition of a small amount of silicon improves the soft 

magnetic properties of materials, more than 3wt.% Silicon certainly increases the electrical resistivity 

and further degrades the magnetic anisotropy constant (K) and magnetostriction constants (λ) [39, 59]. 

 

Figure 1.10 Variation in electrical resistivity of iron with the addition of selected impurities [58, 60] 

The detailed information of the Fe-Si phase diagram shown in Figure 1.11 indicates that silicon is 

dissolved in α-Fe, up about 4wt.% [39, 61, 62]. Behind this limit, the brittle intermetallic Fe3Si (B2 or 

DO3) phase may also be present. Ductility decreases due to the appearance of the intermetallic DO3 [63, 

64]. The ordering of Fe-Si can be best described using the superlattice structure consisting of four 

interpenetrating face-centered cubes (fcc) cells having a lattice parameter twice that of a single bcc cell 

[65, 66], as depicted in Figure 1.12. The terms A2, B2, and DO3 are Strukturbericht symbols that specify 

the structure of a crystal, and represent monatomic bcc α-Fe, CsCl-type AB compounds, and AlFe3-type 

AmBn compounds, respectively. The magnetic properties of silicon iron are dependent on the 
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microstructure and texture [67-69]. These are altered by rolling mechanical treatment and by heat 

treatment. Depending on the type of rolling and heat treatment silicon iron can be produced in a 

nonoriented form or a grain-oriented form [3, 70, 71]. 

 

Figure 1.11 Kubaschewski phase diagram for the Fe-Si system [72] 

 

Figure 1.12 Superlattice crystal lattice of high silicon steel. For the disordered A2 phase, Fe and Si can 

sit in any of the plotted sites. For B2, Fe prefers the sites denoted by solid black dots and gray dots, 

while Si prefers the sites denoted by gradient dots and open dots. For DO3, Si prefers the sites denoted 

by open dots, while Fe prefers all the other sites [68] 
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1.3.2 Applications and traditional manufactured techniques 

Soft ferromagnetic materials are widely used because they can enhance the magnetic flux density 

generated by an electric current. Therefore, the uses of soft materials are closely related to the generation, 

transmission, distribution of electrical power, reception of radio signals, microwaves, inductors, relay 

and electromagnet, and other electrical applications [73, 74]. The basic requirement of achieving good 

soft magnetic properties with high permeability and low coercivity is the low anisotropy of magnetic 

materials, which determines the difficulty of changing the direction of the magnetic moment when a 

magnetic field is applied [68]. From the global soft magnetic material market, it can be known that soft 

magnetic materials occupy about one-third of the total magnetic materials market [75]. The available 

range of magnetic properties of soft magnetic materials was expanding, iron and iron silicon alloy are 

the most widely used, accounting for about 80% of the soft magnetic materials market [50, 76]. More 

specifically, silicon steel accounts for the majority of the rotating electric machine market (as isotropic 

non-oriented steel), and its perfect combination of price and performance is suitable for large-scale 

industrial applications [77, 78]. Fe-Si Alloys with Si content < 9.5wt.% are the main soft magnets 

employed in various types of electric motor cores due to their relatively high electrical resistivity, near-

zero magnetostriction, and low magneto crystalline anisotropy [100] (characterized by high initial 

permeability). More importantly, reasonable commercial prices and necessary specific power for 

electrical machines made they are the most suitable materials [79, 80]. At present, the Fe-Si alloy can 

be processed by the conventional cold rolling process, accounting for about 90% of the low-frequency 

motor. To be used in high-frequency electric machines, Fe-Si alloy with high silicon content needs high 

permeability and electrical resistivity [25]. 

The increasing number of industries and the growing demand for electricity and electronic devices 

are driving the requirement growth of soft magnetic materials. According to the report [23] of Motor 

Intelligence, as given by Figure 1.13, in 2019, in the distribution proportion of soft magnetic materials 

global market in end-use industrial applications, electronic and automotive applications occupied the 

first and second positions respectively. Furthermore, the market trend of soft magnetic materials can be 

summarized as follows: 

(1) The usage of soft magnetic material has been increasing in the electronics and energy generation 

industries. Soft magnetic materials find their application in AC and direct current (DC) converter 

devices, electric motors, transformers, alternators, power inductors, and computers, amongst others; 

(2) Transformers made of soft magnetic materials transfer electric energy from one circuit to another 

through electromagnetic induction; 

(3) Soft magnetic materials are also used in various electronic devices such as wireless charging, data 

storage devices, sensors, high-frequency products amongst others; 

(4) With the rising number of power generation plants in Asia-Pacific, the demand for transformers, 

actuators, electric motors have increased significantly in recent years; 

(5) Technological advancements in AC and DC electric motors and telecommunications in developed 

regions promote the demand for advanced materials, which in turn is expected to promote the 

development of the soft magnetic materials market in the next few years. 
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Figure 1.13 Soft magnetic materials applications market, by end-user industry, global, 2019 (%) [23] 

Based on the product, the market has been segmented into Fe-Si alloy, ferrites, permalloy alloys, 

and others. Electrical steel accounted for the highest revenue share of over 60.0% in 2019. Fe-Si alloys 

find application in transformer cores, since, silicon helps in increasing electrical resistivity and reducing 

the length of magnetization. 

 

Figure 1.14 Global soft magnetic materials market share, by product, 2019 (%) [75] 

The two major uses for Fe-Si alloys are transformers/inductors and motors/generators respectively 

[81] (see Figure 1.15). More detailly: 

(1) Transformers are used not only for Electrical Power Distribution but in virtually every power supply 

in every electrically powered electronic device in offices and homes; 

(2) Motors have moved from industrial uses in the 1800s and early 1900s to home and automotive uses. 

In homes, for example, the motors can be used in garage door openers, washing machines and 

dryers, furnaces for home heating, refrigerator compressor pumps, bathroom exhaust fans, garbage 

disposals, and electric-powered shop tools; 

(3) Motor usage in automobiles has expanded to include windshield wiper motors, seat adjusting 

motors, starters, cooling fans, passenger compartment fans, alternators, etc. 
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Figure 1.15 Two main applications for silicon steel: (a) transformers/inductors, (b) motors/generators 

Nowadays, the traditional production method of these products is rolling silicon steel sheets firstly 

and then stamping. Figure 1.16 (a) and (b) show the traditional production flow chart of the motors core 

and transformer [82, 83]. The first step in this process is to produce the Fe-Si sheet with the required 

thickness for lamination by cold-rolled technique. And then to make a detailed computer-aided design 

(CAD) drawing of the movement and evaluate it carefully, to determine and develop special precision 

tools for cutting and punching dies for mold forming and stamping. These sheets are coated with 

insulating material to prevent the flow of eddy currents. Cutting, stamping, and punching form the sheet 

into the required size and geometry. The plates are then stacked on the alignment fixture by fixing or 

welding [84]. As part of quality assurance, stacking usually requires post-machining and heat treatment 

to prevent deterioration due to stresses caused by stamping, welding, and interlocking, as described in 

Figure 1.16 (b). In the traditional process, several laminations are individually punched, stacked, 

measured, die-cast, and finished in a separate process [85]. So labor and production time can be very 

important. Considering the multiple steps and touch-times, some manufacturers have introduced some 

automatic stamping, stacking, and laminating, which can reduce the labor counts by 35% and 40% [83].  
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Figure 1.16 (a) Steps in the traditional manufacturing process, (b) its demonstration for a motor core 

[25] 

The lamination of high efficiency and high dynamic electric motors produced by traditional 

technology exhibit appreciable losses. The core loss can be minimized by using thinner laminations, 

however, thinner materials require more rolling steps, further stress relief annealing, and more 

lamination for a given stack height, resulting in higher manufacturing costs [86]. In addition, excessive 

rolling increases the brittleness of the steel and imposes a practical lower limit on the usable thickness 

of the lamination (about 0.1-0.5 mm thick). The second key limitation is the loss of dimensional accuracy 

due to burrs and warps caused by stamping and stacking operations. The alternative method of stamping 

is wire electrical discharge machining (EDM), but this increases the cost of the mold, so mass production 

is required to justify this cost. In addition, when the laminations are shaped into a complex design, it 

results in significant waste [87, 88]. 

1.3.3 Potential applications and manufacturing techniques in electrical drive 

With the growing interest in the electrification of clean energy technologies (such as wind power 

generation) and the use of pure electric power systems in various applications, the demand for the next-

generation, high-performance soft magnetic materials has risen significantly [25]. The electric vehicle 

is a safe, economic and green transportation tool based on electric drive. It has unique advantages and 

competitiveness in energy and environment, and can easily use modern control technology to realize its 

mechatronics, which has broad development prospects. The motor drive system is the power source of 

the electric vehicle, which is the main body and internal basis to determine the performance index of the 

vehicle. At present, electric vehicle motor mainly includes DC motor, induction motor, permanent 

magnet brushless motor, and switched reluctance motor (SRM). The newest example of lamination steel 

used in cars is the electric drive motor of hybrids or fully electric vehicles [89, 90]. The core material 

non-oriented silicon steel sheet is the key material of the drive motor, and its performance affects the 

drive characteristics and service performance of the drive motor. The core material non-oriented silicon 

steel sheet is the key material of the drive motor, and its performance affects the drive characteristics 

and service performance of the drive motor. It requires not only excellent magnetic properties but also 

high strength. In addition, the brush motor is also required to have a certain friction performance [91, 

92]. 
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Figure 1.17 Twin motor of Audi e-tron S sportback seriers [93] 

With the continuous development of electric vehicles, more and more kinds of motors need to be 

designed and used. As shown in Figure 1.17 and Figure 1.18, they are two kinds of decomposition 

diagrams for the twin motor of Audi e-trons Sportback series [93] and Volkswagen's innovative electric 

motor based on modular electric drive matrix (MEB), respectively [94]. It can be seen that the rotor and 

stator (as indicated by red circles) are the core components of the motor. 

 

Figure 1.18 Volkswagen’s innovative electric motor based on modular electric drive matrix [94] 

Of course, in addition to silicon steel, people are constantly seeking and developing more soft 

magnetic materials to meet these application requirements [95]. Moreover, for high specific power and 

torque applications, the lamination must provide the same flux, but the material in the yoke and teeth is 

lower. With the continuous emergence of new material processing methods, motor designers are 

constantly looking for better-performing manufacturing technologies to provide greater design freedom 

[96, 97]. Additive manufacturing (AM) technology can certainly solve some of these requirements, and 

it provides a new opportunity for motor design [25]. 
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1.4 Introduce to additive manufacturing 

In ISO/ASTM 52900:2017, additive manufacturing also known as 3D printing is defined as a 

general technology that fabricates substances by continuous addition of raw materials based on 3D 

model data designed by CAD [98, 99]. Generally, AM includes the manufacturing methods that process 

materials layer by layer, which is opposed to subtractive manufacturing processing routes [100]. Various 

types of AM methods have emerged, such as stereolithography (SLA), selective laser sintering (SLS), 

fused deposition modeling (FDM), laminated object manufacturing (LOM), binder jetting (BJ), and 

selective laser melting (SLM), etc. The AM materials include promising materials, polymers, metals, 

ceramics, glasses, biomaterials, and composite materials [101-104]. Figure 1.19 illustrated the 

technological roadmap of AM. 

 

Figure 1.19 Technological roadmap of AM [101] 
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Compared to traditional industrial processing, like casting and forging, AM has the great ability to 

produce machinery parts of complex geometries or unify parts to reduce the complex parts count and it 

can greatly reduce the production cost of developing molds and meet the needs of an industry with 

individualized demand [105, 106]. It can facilitate the manufacturing of gigantic machines at the 

installation site and avoid shipping and installation complications. AM can also significantly decrease 

the materials requirements to produce the parts. Besides, another factor that is important to 

manufacturing is cost control, especially when processing high-priced materials such as Ti-, Ni- and Cr-

based alloys. AM can allow material recycling, which also greatly reduces production costs and 

improves the market competitiveness of AM products [103, 107]. Similarly, in soft magnetic materials 

manufacturing, AM can not only provide the net-shaping of complex machine parts but also can 

facilitate the processing of higher quality alloys [108, 109]. AM has shown a greater potential than 

conventional manufacturing to improve the functionalities of manufactured parts and components in 

various applications such as medical, aerospace, and electrical industries [110]. At present, research 

work has been done on the AM of materials and individual working parts for various electrical machines, 

like mechanical and thermal management assemblies, coils/windings, permanent magnets (PM), and 

stator/rotor packs, etc. [111-124], some examples of AM parts for the electrical machine were given by 

Figure 1.20. But a complete AM-built and user-ready electrical machine, for large scale production and 

industrial applications, is a feat that is yet to be accomplished owing to a few challenges regarding slow 

manufacturing speed, internal constructional defects, limited multi-material printing capability and the 

need for post-processing of printed parts [125, 126]. 

 

Figure 1.20 Examples of AM parts for electrical machine (a) mechanical and thermal management 

assemblies [112, 113]; (b) coils/windings: [117, 118]; (c) permanent magnets (PM) [119, 120], (d) 

stator/rotor packs: [122, 124] 

1.5 Introduce status and progress of additive manufactured soft magnetic materials 

Compared with traditional manufacturing methods, an obvious advantage offered by AM is the 

elimination of multiple processes resulting in substantially faster production times for machine cores. 

The absence of traditional tooling and processing is expected to reduce fabrication costs significantly 

[127]. Many efforts have been focused on developing materials with suitable electromagnetic properties 

using a variety of methods, including SLM, FDM, and BJT. Other reported processes include cold spray, 

SLA, and LOM. In these methods, the printing quality was found to be extremely sensitive to process 

parameters [128-134]. Apart from conventional iron alloys, there have been ongoing efforts to explore 

printing techniques for SMCs [108, 135]. Several other research efforts [135-137] focused their attention 

on additive designs and printed soft magnet materials for motors. Soft ferrites could replace insulating 

materials in electrical laminates as a small 3D-printed boundary layer between the electrical steel layers. 

Among several available reports on AM for soft magnets and electric machines [38, 113, 136, 138-140], 
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it is observed that SLM and its variants, including laser powder bed fusion (LPBF) and laser engineered 

net shaping (LENS), are the most extensively practiced methods [25, 133, 141-143]. The following 

Table 1.1 lists partial subcategories of commercial grade materials with specific properties and their 

AMed methods in the recent reports [25]. 

Table 1.1 Partial list of commercial soft magnetic materials with specific properties, and AMed 

manufacturing methods in the recent reports 

Materials families & Ref. 
Density 

(g/cc) 

Magnetic properties 

μr Ms(T) ρ (μΩcm) 
AM types 

& Ref. 

Ferrites NiZnFe2O4 - 15-2000 
0.22-

0.44 

(1.26-

6.84)×1011 

[144] 

FDM [145] 

FDM+UV 

cure [146] 

Fe-Ni 

based 

alloys 

Permalloy - 

8000-

120000 

[35] 

1.08 - 
SLM [38, 

147] 

Supermalloy [148] - 
40,000 -

100,000 

0.66-

0.82 
- 

SLM [149, 

150] 

Fe-Si 

based 

alloy 

Fe-3%Si 7.34 25 2.15 20-60 [151] 
SLM [25, 

129] 

Fe-6.5Si 7.3-7.7 10,700 1.8 82 [151] 
SLM [152] 

BJT [153] 

Fe-Co 

based 

alloy 

Permendur 

(Supermendur) 

[154]/Hyperco [155] 

49% Fe-49% Co-2% V 

8.12 
20000-

66000 
2.4 40 

SLM [109, 

156] 

SMC and 

other soft 

magnets 

SMC, <1% lubrication, 

Fe balanced [151] 
7.57 - 

0.71-

1.22 
20000 SLM [156] 

μr: Relative permeability; Ms: Saturation magnetization; ρ: Core resistivity; SMC: soft magnetic 

composite; FDM: fused deposition modeling; SLM: selective laser melting; BJT: binder jetting 

technology; AM: additive manufacturing. 

1.6 The advanced technologies of metal additive manufacturing 

AM can expand the applications of metals by forming complex structures, reducing the number of 

required structural components and production costs, and shortening the processing timescale. It is 

necessary to get a better scientific understanding of AM-produced components and broaden its industrial 

application. 

1.6.1 Laser Engineered Net Shaping (LENS) 

LENS is also named directed energy deposition (DED) or laser consolidation (LC). It was initially 

created at the Sandia National Laboratories in 1998 [157]. LENS is used to build elements into a laser, 

primarily laser cladding using a metal powder feed either by gravity or by using a pressurized carrier 

gas. Through a highly intense laser beam into a molten metal pool, the manufacturing method takes 

place for oxygen-free operation in a low-pressure argon chamber [158]. As a schematic diagram of the 

LENS illustrates in Figure 1.21, a movement scheme drives a platform through x and y planes (two-

dimensional) as the laser beam traces the cross-section of the fabricated portion [159, 160]. LENS has 

many industrial applications like rapid prototyping, rapid tooling, and dissimilar metal joining [161]. 

Series of materials like nickel-based alloys [162], ferrous alloys [163], titanium alloy [164], and 
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intermetallic compounds [165] have been investigated and developed by the LENS technique. 

Compared to other AM technologies like SLS, LENS can break through the limitation of size and 

produce super-large parts. However, the drawback is the high cost of this technique and lower resolution. 

 

Figure 1.21 Diagram of LENS [159] 

1.6.2 Electron beam melting (EBM) 

The electron beam melting (EBM) technique is a type of AM created by Lars-Erik Andersson and 

Morgan Larsson (Arcam AB, Sweden) in 2000 [166]. As a presented EBM working principle in Figure 

1.22, electrons are generated in a gun by heating a tungsten filament and accelerated by applying a high 

potential, melting the powder layer by layer with selected control of computer and 3D CAD model data 

[167]. This technology requires low energy for the production process and is capable of building 

implants with good mechanical characteristics and porosities. Meanwhile, the EBM process can provide 

porosity integrated to bulk substrates and fabricate objects having low internal residual stresses [168]. 

Recently, a variety of suitable materials for EBM such as nickel-based alloys [169], titanium alloy [170] 

and CoCrMo alloys [171], copper alloys [172], and iron-based alloys [173] have been developed. After 

more than ten years of development, EBM has been successfully applied in aerospace and biomedical 

applications [174]. 
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Figure 1.22 Schematic EBM system [168] 

1.6.3 Selective laser sintering/melting (SLS/M) 

SLS is also a kind of AM technology, it was created in 1986 by Carl Deckard and Joe Beaman at 

the University of Texas at Austin [175]. This technique produces metal parts using a high-energy laser 

source to sinter powder layer-by-layer and finally form the 3D parts based on the initial CAD description. 

In each layer, the raw powder is sintered and bonded by the laser spot over the required cross-sectional 

area [176]. A diagram of the SLS is described in Figure 1.23, it is referred to as a process applied to a 

variety of materials like plastics, ceramics, and especially metal alloys. The sintering processes do not 

mean to fully melt the powder but heat it to the point that the powder can fuse on a molecular level; and 

with sintering, the porosity of the material can be controlled. Nowadays, SLS has been mainly applied 

to rapid tooling [177] in the aeronautics and astronautics [178] industries. Generally, the SLS-produced 

highly dense components need the support of post-processing. 

SLM is a kind of AM technology using a laser beam as the energy input, it is also named direct 

metal laser sintering (DMLS) or laser powder bed fusion (LPBF) technology, which was invented at the 

Fraunhofer Institute ILT in Aachen, Germany, in 1995 [179, 180]. The schematic diagram of the SLM 

system is similar to that of SLS in Figure 1.23. During the SLM process, a metallic powder bed is 

selectively melted layer-by-layer by a high-energy laser beam and builds the parts with a designed 

strategy, rapid solidification (103-106 K/s) can result in an ultra-fine microstructure [181]. Owing to the 

CAD-based design and fabrication process, SLM technology plays a vital role in the extended potential 

applications for manufacturing net-shape production of complex-shaped, high-performance components. 

In some cases, SLM is considered to be as a subcategory of SLS. However, unlike SLS, the metal powder 

can be fully melted by the SLM process to build solid 3D parts. Considering the fully melted rather than 

the sintered condition, SLM can produce fully dense parts [182]. 
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Figure 1.23 Diagram of schematic SLS/M system [161] 

1.6.3.1 Advantages of SLM technology 

Due to the superior features, primary advantages of the SLM technology unlike other AM 

technologies can be summarized as follows [183, 184]: 

(1) High melting point refractory materials and metal matrix composite materials can be used 

as raw materials. 

(2) The surface quality of the finished parts is quite high. 

(3) The mechanical properties of the formed parts are superb. 

(4) Suitable for manufacturing structural parts with extremely sophisticated geometry. 

(5) Since the powders can be recycled, the wastage of raw materials can be negligible. 

1.6.3.2 The applied or potential applications of SLM technology 

In industries like biomedical, aerospace, automotive, molds, etc., SLM technology has been 

popularly applied in the fabrication of high-quality metallic parts with brilliant properties [185]. Apart 

from the structural applications, the SLM also has great potential in the production of functional parts 

such as soft magnetic alloys [186]. 

In biomedical applications, SLM technology has been applied to manufacture a variety of 

biomedical products. especially implant prostheses. In Figure 1.24 (a), a Ti6Al4V revision acetabular 

cup was developed and manufactured by the SLM technique [187]. As given by Figure 1.24, for the 

patient with severe bone defects, the X-ray computer tomography (XCT) method can support the 

customized design of an SLM-produced specific implant [188]. Aiming at the problem of excessive 

surface roughness of SLM-produced parts, Yan et al [181]. customized a process plan to reduce surface 

roughness and improve fatigue strength. And they also fabricated successfully tailored medical implants 

such as acetabular cups and crowns [181, 189]. Based on patient imagery, customized upper extremity 

replacements of the clavicle and scapula are also benefited by the SLM process. A report about scaphoid 

scapula and strip-like scapula reconstruction surgery using Ti6Al4V alloy has been developed in Xi’an, 

China (Figure 1.24 c-d) [190]. 
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Figure 1.24 Example parts for biomedical applications: (a) MUTARS revision hip cup (courtesy of 

Implantcast GmbH) [187], (b) Individual hip implant in titanium (courtesy of SLM Solutions Group 

AG) [188]  

Additionally, in industrial aerospace applications, SpaceX company fabricated a SuperDraco 

engine chamber using Inconel via SLM, which is revealed in Figure 1.25 (a). Using the SLM technique 

reduced lead-time by an order of magnitude compared to traditional machining: from the first concept 

to the first hot-fire test took slightly more than three months [191]. GE Additive company used the SLM 

process to manufacture the near-net-shape forming of the Leap fuel nozzle (Figure 1.25 b), integrating 

over 20 parts into a single part for manufacturing and hence reducing weight by 25 %, and they have 

also successfully produced 30000 pieces of these products commercial for commercial application [192, 

193]. Besides, as can be seen in Figure 1.25 (c) SLM Solutions collaborated with CellCore in the 

preparation of the highly complex Monolithic Thrust Chamber by SLM process. Monolithic Thrust 

Chamber has an improved functional cooling due to an innovative lattice structure, which also increases 

stability. It is highly efficient and minimizes individual process steps while combining multiple parts 

into a single component; production time is reduced from months to days [194]. The company SLM 

Solution has chosen a collaborative approach to achieve the best design of the new Gooseneck Bracket 

and then built by SLM technology, see it in Figure 1.25 (d). There was 31% weight savings and a 

shortened total assembly time. It integrates three parts into one to reduce assembly and has an improved 

buy-to-fly ratio from 17 minimized to 1.5 [194]. 

 

Figure 1.25 Example parts for aerospace applications: (a) Combustion chamber in SuperDraco thruster 

engine, (b) Leap fuel nozzle in GE90 jet engine, (c) Monolithic Thrust Chamber - Cell Core GmbH, 

(d) Gooseneck Kueger Flap Actuation Bracket - Asco Industries [191-194]  
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Moreover, in automotive applications, the company Wabtec has significantly improved a brake 

panel for a train using SLM technology. The conventional part consisted of several individual 

components and was unnecessarily heavy, which impacted the train’s performance. With the help of the 

SLM® 800 system, not only the weight was reduced and the lead time shortened, but the safety-critical 

component also passed all the tests for qualification and certification [195]. SLM Solutions and Porsche 

successfully printed a complete E-drive housing with an innovative AM Design. All the advantages of 

additive manufacturing have been implemented in this housing such as topology optimization with 

lattice structures to reduce the weight, functional integration of cooling channels, higher stiffness, and 

reduced assembly time by the integration of parts as well as improvements in part quality [195]. 

 

Figure 1.26 (a) E-Drive Housing from Porsche, (b) a brake panel for a train From the company Wabtec 

[195] 

In addition to the above applications, SLM is also expected to deliver considerable assistance in 

the mold industries, due to its ability to produce sophisticated molds with internal conformal cooling 

channels at high efficiency [196]. Furthermore, it has great potential in the production of electronic 

machines such as the core of transformers, rotors, and stators of the motors. Gargalis et al. adopted a 

blend in which pure Fe powder is mixed with pre-alloyed silicon steel, and then manufactured a rotor 

via SLM process. The rotor was assembled into a conventionally laminated stator (Figure 1.27) and the 

performance of the whole machine was evaluated. The collected results confirmed the viability of 

additive manufacturing technology in the electrical machine field [197]. 

 

Figure 1.27 Commercial laminated 8-pole SRM rotor and identical 3D printed rotor 
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1.6.3.3 Challenges of SLM technology 

Although SLM technology has aroused the attention of the engineering community in various 

application fields, SLM technology still undergoes the following severe challenges [184, 198, 199]. 

(1) For SLM equipment: For large parts, the processing efficiency is still poor, and the price of 

equipment suitable for large parts is high. How to develop more efficient and economical large-scale 

systems is still a challenge to be solved urgently; 

(2) For original materials: Yet, there are currently no metallic powder materials produced specifically 

for the SLM process. How to develop the produced methods of SLM special materials, and obtain high-

quality special powders is still another challenge; 

(3) For processing parameters: SLM technology has poor process stability and strong dependence upon 

the manufactured equipment. It is also necessary to improve the process stability of SLM and establish 

more parameter guidance. 

1.7 Fabrication of soft magnetic alloys via SLM technique from mixed powders 

In the early years, the research of SLM soft magnetic alloy was based on mixed powder. Zhang et 

al. [200, 201] investigated the SLM processed Fe-Ni alloys using the Iron and Nickel mixed powders of 

Fe-30wt.%Ni, Fe-80wt.%Ni as raw materials. Figure 1.28 shows the microstructural characteristics of 

the Fe-30wt.%Ni samples produced by different parameters on the etched section. The samples exhibited 

fine grains with homogenous distribution when a low laser scanning velocity of 0.1 m/s was used. EDS 

results reveal that the Fe and Ni elements in the sample are nearly equal to the atomic proportion of 7:3 

within these grains, however, the disorder and gross grain within the matrix with scanning velocities of 

0.4 m/s and 1.6 m/s is composed of the Fe and Ni elements with atomic ratio of about 3:2. The magnetic 

properties of SLM Fe-30wt.%Ni alloy showed a strong parameters dependence due to the influence of 

microstructure. The sample with 0.4 m/s exhibited favorable values of magnetic properties, which are 

better than the Fe-30wt.%Ni alloy fabricated by LENS according to the study of Mikler et al. [202]. 

 

Figure 1.28 SEM micrographs showing the microstructure of laser melting samples of FeNi alloy with 

scanning velocity: (a) 0.1 m/s, (b) 0.4 m/s, (c) 1.6 m/s and laser melting power 110 W [203] 

For the Fe-80wt.%Ni samples, the results presented the evolution of crystallite size as a function 

of the laser scanning parameter. It was observed that the grain sizes increased under the conditions of 
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the increase of laser scanning velocity. According to the velocity increase to 0.4 m/s, the grain size of 

Fe–Ni alloy is similar to the grain size of Fe–Ni mixed powder. The magnetic properties of laser melted 

Fe-80wt.%Ni alloys are also influenced by laser parameters. SLM seems to be suitable for the 

fabrication of these alloys. 

 

Figure 1.29 (a) Crystallite size of Fe-80wt.%Ni versus laser scanning velocity, (b) Saturation 

magnetization and coercivity curves for Fe-80wt.%Ni alloy with laser scanning velocity [203] 

As can be seen in Figure 1.30 (a-c), Gargalis et al. [197, 204] developed a soft magnetic material 

featuring high silicon content (Fe-5.0wt.%Si) by mixing a high silicon steel pre-alloyed (Fe-6.9wt.%Si) 

with high purity Fe powder (99.9wt.% Fe). The samples for mechanism tests and a salient 8 pole rotors 

for a switched reluctance machine (SRM) were fabricated via the SLM technique from the obtained 

material. The yield strength of the as-built parts is well above the required/minimum 400MPa of 

conventional lamination steels with 3.5% wt. Si. As displayed in Figure 1.30 (d-e), the selective laser 

melted (SLMed) rotor was assembled into a conventionally laminated stator and the performance of the 

whole machine was evaluated. The collected results of this report confirmed the viability of SLM 

technology in the electrical machine field. However, until now, the detailed microstructure of the as-

built parts did not present in their report. 

 

Figure 1.30 SEM micrographs of metallic powders: (a) pre-alloyed Fe-6.9wt.%Si, (b) pure iron Fe 

(99.9%), (c) Fe-wt.%. Si powder blend [204] and (d) Main components for the assembly of the SLMed 

soft magnetic rotor core, (e) Fully assembled 3D printed SRM rotor (Fe-5.0wt.%Si) [197] 

In summary, the SLMed alloy parts with target composition can be obtained by mixing powder. 

However, powder mixing might make the stability of the SLM process worse. At the same time, it offers 

a large possibility of uneven composition. 
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1.8 Selective laser melted soft magnetic alloys using pre-alloyed powders 

As so far, the investigations into the fabrication of Fe-based soft magnetic alloys by SLM have 

been focused on Fe-Si and Fe-Ni alloys. In the next sections, the research status and progress will be 

introduced in detail, and representative studies involving other alloys. 

1.8.1 Soft magnetic alloys based on Fe-Si 

1.8.1.1 SLM fabrication parameters 

The most relevant SLM fabrication parameters are the laser power (P), the laser spot diameter, the 

scanning velocity (v), and the scanning strategy [205, 206]. Laser power and scanning velocity certainly 

have the greatest effect on the molten pool, which can therefore influence the microstructure and 

porosity of the SLM material [205-207]. 

Garibaldi et al. [208, 209] studied the effect of the laser energy input (E) which was calculated by 

E=P/v on the microstructures and magnetic properties of SLMed Fe-6.9wt.%Si soft magnets using a 

Realizer SLM-50 (Realizer GmbH, Borchen, Germany), the values of the fixed SLM process parameters 

were as follow:  P: 70 (W), laser beam focus position: 13.1 (mm), hatch spacing 60 (μm), layer thickness 

25 (μm), scan strategy: bidirectional X-Y, V: 0.125, 0.250, 0.5 (m/s), laser linear energy inputs (E) were 

140, 280, 420, 560 (J/m). In Figure 1.31, the results show that the porosities of the samples decreased 

as laser energy inputs increased. But increasing the E at 280 J/m induced crack formation. With E ≥ 420 

J/m, small bubble-like voids (i.e., circular pores) appeared, while crack formation was promoted. They 

explained that the formation of cracks could be attributed to the thermal stresses induced during the 

SLM process. They found that the lattice parameter of the SLM samples linearly decreased with 

increasing E [209]. The microstructure of the samples is characterized by columnar grains oriented 

towards the build direction (BD). The coarse areas of ordered phases B2 and DO3 were not presented in 

the microstructure. As displayed in Figure 1.32 and Figure 1.33, the maximum texture intensity of S280 

was found to be almost twice the maximum intensity of S140, which suggested that a larger E produced 

a more textured, and crystallographic <001> fibre texture could be altered into a cube texture. They also 

found that microhardness did not seem to be affected by the processing parameters. 

 

Figure 1.31 Evolution of porosity: the optical micrographs of different SLMed Fe-6.9%wt.Si samples 

(left) and alongside the values of percent porosity and cumulative crack length c.c.l. (right) [209] 
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Figure 1.32 Pole figures (PF) showing the preferred orientation of the <001> crystallographic 

direction of SLMed Fe-6.9%wt.Si sample[209] 

According to the results of magnetic measurements of the SLMed ring samples, they found that the 

μmax did not seem to change significantly for the two samples at lower E, but seem to decrease slightly 

at E=420 J/m. While different behavior was found for μ40, which increased significantly from E=140 

J/m to E=280 J/m. The value of property B50 was significantly different, and at E=280 J/m was the best. 

A decrease in Hc from 140 J/m to 280 J/m was found while a further increase in E did not seem to affect 

it. The Br showed a slowly decreasing behavior throughout the E range considered. P50–1 showed a strong 

non-monotonous trend, with a clear minimum value observed at E=280 J/m [208]. Although the 

magnetic properties can be improved under better parameters, segregation of silicon was still found in 

these high silicon steels (see in Figure 1.34) [208]. This may lead to the inhomogeneity of microstructure 

composition, which may lead to the local instability of the magnetic properties of these samples in the 

working magnetic field. 
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Figure 1.33 (a), (b) EBSD maps; (c), (d) IPFs for the front and top views of SLMed Fe-6.9%wt.Si 

sample S280 (Left: BD, Right: SDx and SDy) [209] 

 

Figure 1.34 (a) SEM image of the investigated region, (b) EDX spectrum corresponding to region 1, 

(c) and chemical composition in the three regions under exam, of SLMed Fe-6.9%wt.Si [209] 

Goll et al. [108] reported that the SLMed (SLM 280 H L, SLM Solutions) Fe-6.7wt.%Si 

components with higher laser power, the cooling rate is decreased, resulting in larger average grain size 

and lower losses. However, for higher laser powers also the tendency for residual stresses and therefore 

towards crack formation is enhanced. They also evaluated the effects of building platform heating (BPH) 

temperature on the microstructures and magnetic properties when laser power P=300 W, laser scan 

velocity v=500 mm/s. They found that the coercivity continuously decreases with increasing BPH 

temperature (varied between 200 °C and 600 °C), and the μmax and grain size increase steadily (see in 

Figure 1.40). 

Besides, Alleg et al. [210] prepared the SLM Fe-Si-B soft magnetic parts using Fe92.4Si3.1B4.5 

pre-alloyed powder. They indicated that the increase of the laser scanning rate led to deep cracks on the 
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surface of laser-melted tracks, and the variation of the microstructures and magnetic properties of the 

SLMed parts were closely related to the laser scanning velocity. The produced samples show soft 

magnetic properties with Ms = 188.6–199 emu/g and Hc = 43.8–73 Oe. 

1.8.1.2 Influence of scanning strategy 

Plotkowski et al. [129] investigated the influence of geometry and scan patterns on the 

microstructure evolution and eddy current loss of SLMed (Renishaw AM250 system) Fe-3wt.%Si 

components. They studied the effects of remelted (double scan) on the microstructures and power losses 

of the bulk samples, the scan pattern was rotated by 67° between layers, which is illustrated in Figure 

1.35 (c). Besides, they designed the thin wall samples with a series thickness of 400, 600, 800, 1000 μm 

respectively, which were produced with each of the three scan patterns with transverse, longitudinal, 

rotated by 67° (shown in Figure 1.35 (a-c)). Two types of bulk samples have different microstructures 

as shown in EBSD figures (Figure 1.36). The single scan pattern bulk sample exhibits a chaotic structure 

with many small grains while the double scan pattern sample shows a significant orientation of the <100> 

type crystallographic direction along the BD with larger grains. Both samples exhibit the expected fiber 

texture, but the strength of this texture in the former is weaker than that in the former. As the magnetic 

test results are replayed in Figure 1.37, they indicated that the double scan pattern shows lower hysteresis 

loss coefficients, however, changing magnetic properties through the manipulation of the 

crystallographic texture makes for only a small improvement in the overall efficiency on a device level. 

 

Figure 1.35 (a)-(c) Schematics of the scan patterns, (d) microstructures from the thin wall SLMed Fe-

3Si samples [129] 

The optical microscopy (OM) images of the microstructures of thin walls presented in Figure 1.37 

(d) showed that the transverse scan strategy resulted in large grains compared to the longitudinal scan 

pattern. They suggested that the grain structure in the longitudinal sample is clearly defined by the hatch 

pattern while the transverse scan pattern is not clear. The rotated scan pattern seems to show a mixed 

structure somewhat between the transverse and longitude extremes in both the size and morphology of 

the grains. The difference in grain structure as a function of scan pattern is more significant than changes 

in structure with wall thickness [129]. 
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Figure 1.36 EBSD of the bulk cross-sections showing inverse pole figures of SLMed Fe-3Si 

specimens (top) and pole figures (bottom) for both scan patterns both normal (XY-plane) and parallel 

to the BD (XZ-plane) [129] 

 

Figure 1.37 Results of magnetic characterization of the two bulk (Fe-3Si) cross-sections with different 

scan patterns: (a) the hysteresis loss coefficients as a function of peak polarization, (b) the eddy current 

loss coefficient as a function of peak polarization, (c) the fraction of total losses accounted for by the 

eddy current development as a function of peak polarization for an operating frequency of 60 Hz [129] 

1.8.1.3 Impact of post heat treatments 

Lemke and Garibaldi et al. [211, 212] conducted a series of heat treatments (annealed and quenched 

at different temperatures and time) to the SLMed high silicon steel Fe-6.9wt.%Si. They found that when 

cooling is sufficiently slow, the ordered phases of type B2 and DO3 form inside the grains in proportions. 

As described in Figure 1.38, the believed that the onset temperature for micro-segregation dissolution 

was found to be around 700 °C, and the onset temperature for grain growth was around 900 °C. On the 

other hand, they found that the stress relief heat-treatment (annealed at 700 °C, 5 h) could significantly 

increase the microhardness of the samples, they believed that is attributed to the redistribution of the Si-

rich micro-segregates and the relief of the internal stress and phase-ordering [208, 211, 213]. 



Chapter 1 Bibliography 

30 

 

Figure 1.38 SEM micrographs representing microstructural evolution of the SLMed Fe-6.9wt.%Si 

samples after annealing for 1 h at: (a) 620 °C, (b) 700 °C, (c) 900 °C, (d) 900 °C with subsequent 

quenching [214] 

They described that annealing in the high portion of the A2 leads to marked grain growth, but it 

should be noted that obvious phase disorder-order transformation of type DO3 appeared when the 

annealing temperature was higher than 900 °C. According to the previous introduction of silicon steel, 

this ordering phase is harmful to the mechanical properties due to material embrittlement. Also, when 

the annealing temperature was 1150 °C, the Fe2O3 phase would be formed due to the leak of oxygen into 

the furnace from the surrounding environment during heat-treatment [211]. They believed that to avoid 

extensive ordering, rapid cooling can be performed from temperatures in the A2 phase region. As 

indicated ed in Figure 1.39, annealing does not alter significantly the ⟨001⟩ texture induced by SLM 

along the BD through EBSD analysis. They thought that is an important finding since high-temperature 

annealing can be performed on the as-built samples to induce stress relief and produce grain growth 

without weakening the beneficial crystallographic texture induced by SLM [212]. 
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Figure 1.39 EBSD maps and PFs for SLMed Fe-6.9wt.%Si samples annealed 1h at 700 °C (a) front 

view, (b) top view and 1150 °C (c) front view, (d) top view; and Evolution of the magnetic properties 

with annealing temperature: (e) μmax, (f) B10 and B50, (g) Hc and Br, (h) power losses at Bmax=1 T and 

f=50 Hz (adapted from [211, 212]) 

As given in Figure 1.39 (e-h), with comparative analysis, they concluded that the μmax of the SLMed 

samples increased with increasing annealing temperature. Until 900 °C the curve increased with a 

constant slope under the effect of stress relief, which can be reasonably expected to be completed after 

annealing at 900 °C [215]. B10 increased with annealing temperature while increasing the annealing 

temperature beyond 700 °C did not improve further. B50 was only moderately affected by annealing. 

This indicated that the considered applied field of 5000 A/m is strong enough to overcome most of the 

manufacturing-induced obstacles to magnetization. Hc decreased with the increase of annealing 

temperature and obtained a minimum value of 16 A/m at 1150 °C. The remanence Br presented a non-

monotonic dependence with annealing temperature. Specifically, Br increased up to 700 °C but, as the 

annealing temperature increases further it decreased. The total power losses decreased with increasing 

annealing temperature. The trend of the total power losses is qualitatively similar to that of Hc, so they 

suggested that the eddy current loss component does not increase significantly with grain growth. In 

summary, they concluded that the annealing of parts built by SLM with subsequent quenching could be 

a promising strategy for the production of parts with a more homogeneous microstructure, more suitable 

for magnetic applications [211]. 

Similarly, see in Figure 1.40, Goll et al. [108] reported that the hysteresis losses and coercivities, 

of SLMed Fe-6.7wt.%Si parts, were decreased, and μmax were increased due to the grain growth through 

annealing at 1150 °C for 1 h, except for μmax decreased when the utilized BPH was 600 °C, which was 

explained that related to the gas porosity was formed at higher BPH temperatures. 
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Figure 1.40 Influence of BPH temperature on the microstructure (average grain size D50) and 

magnetic properties of Hc and μmax: for Fe-6.7wt.%Si parts (a) as-built state, (b) after annealing at 

1150 °C for 1 h [108] 

As mentioned earlier, Plotkowski et al. [129, 216] produced the thin wall Fe-3wt.%Si, Fe-6wt.%Si 

samples with series thickness and Hilbert transformer cores (see in Figure 1.44) by SLM technique 

respectively, the thin wall samples were subjected to hot isostatic pressing (HIP) at a temperature of 

1150 °C for 2 h and pressure of 200 MPa. The Hilbert transformer cores were also annealed in an argon 

atmosphere for 4 h at 1200 °C. They observed that bimodal grain size comprised primarily of very large 

grains was obtained following annealing heat treatment, but retained some smaller grains as well (see 

in Figure 1.41). The grain size of the samples annealed at 1200 °C for 4h is much smaller than the 

samples annealed by HIP, lying between the as-fabricated and annealed conditions (see in Figure 1.42 

(a)-(b)). They deduced that it can be attributed to the carbides and the oxide particles at nano-scale 

produced in the SLM process or precipitated during the annealing process, which was insoluble during 

annealing and could be present during the grain growth process to act as pinning sites. The Fe-3Si 

annealed transformer sample also showed a preference for 001 crystallographic direction parallel to the 

build direction like before heat treatment. While the Fe-6Si sample did not show any strong textural 

preference. Due to the grain growth and some level of grain boundary pinning like carbides and oxides 

particles from nano-scale constituents. The HIP heat treatment resulted in a net decrease in power losses 

and improved both the μmax and decreased hysteresis losses (see in Figure 1.42 (c-d)) [216]. 

 

Figure 1.41 Inverse pole figure maps for the Hilbert curve thin wall design: (a) Fe-3wt.%Si as-

fabricated grain structure, (b) Fe-3wt.%Si annealed structure, and (c) Fe-6wt.%Si annealed structure 

[216] 
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Figure 1.42  Inverse pole figure maps for the Hilbert transformer cores after annealing (a) Fe-

3wt.%Si, (b) Fe-6wt.%Si [216] and Magnetic test results (c) maximum effective permeability for the 

HIP heat-treated samples, (d) total loss density at an applied field of 3000 A/m (adapted from [129]) 

Koo et al. [152] indicated that heat treatment at 1000-1200 °C in the Ar atmosphere has a positive 

effect on the magnetic properties of the SLMed Fe-6.5wt%Si sheet-type specimens. They pointed out 

that the Ms values were almost identical before and after heat treatment. Ms depends on magnetic 

moment per volume, which depends on the crystal structure of the alloy, not on the grain size. However, 

the coercivity significantly decreased, and maximum relative permeability (μrmax) greatly increased 

which can be attributable to grain growth. In the investigation of Tiismus et al. [217], it has been 

indicated that the total core losses of the SLMed Fe-3.7wt.%Si toroidal samples were reduced via 

annealed at 800 °C and 1200 ºC respectively while the electrical resistivity was also reduced. 

1.8.1.4 Geometric, structural design, and magnetic performances 

In the report of Tiismus et al. [217], as shown in the fig1.30, they focused on the effect of air gaps 

on AC core losses at the 50 Hz frequency. A clear trend of core loss reduction due to the increased 

segregation of the specimen cross-sectional topology was observed for all samples. 



Chapter 1 Bibliography 

34 

 

Figure 1.43 Variations of printed ring samples for magnetic characterization [217] 

As represented in Figure 1.44 (a-b), Plotkowski et al. [216] designed and manufactured the Fe-

3wt.%Si samples consisting of parallel plates at various spacings, a mesh structure, and a Hilbert curve 

via SLM technology, the wall thickness for all sets was nominally 400 μm. For the parallel plates, integer 

numbers of plates were included and the wall thickness and outer dimensions were kept constant, they 

were built with between 6 and 13 walls, inclusive. In Figure 1.44 (c-e), they presented that the thin wall 

cross-sections had a lower hysteresis loss coefficient and eddy current loss coefficients than the bulk 

cross-sections while the mesh structure shows very similar behavior to the bulk components, but with a 

lower saturation inductance. The power losses increased with the increasing number of thin walls in the 

parallel plate samples. They conclude that the Hilbert curve exhibited the best performance of the 

samples tested. However, the excess surface roughness of closely spaced thin walls caused unwanted 

contact between neighboring walls. 

They designed a variety of thin wall (also nominally 400 μm) geometries and three cross-sectional 

geometries (clock spring, Hilbert, and radial, see in Figure 1.45 (a)) were fabricated by SLM technology. 

These samples were characterized for AC magnetic performance after HIP annealed treatment for 2 h at 

1150 °C. As seen in Figure 1.46 (a-c), compared to the annealed Fe-3wt.%Si sample, the results indicated 

that for low polarization, the Fe-3wt.%Si sample showed lower hysteresis losses than the Fe-6Si designs. 

However, for polarization above approximately1.3 T, the Fe-6wt.%Si materials showed lower hysteresis 

losses. On the other hand, the eddy current losses for the Hilbert and clock-spring designs of the Fe-

6wt.%Si alloy were lower than the Fe-3wt.%Si Hilbert design across all polarization levels. The radial 

design had a lower eddy current loss at low polarization but higher above about1.5 T. The result of these 

trends was that the Fe-6wt.%Si samples generally show lower overall power losses at 60 Hz across a 

wide range of polarization. They concluded that the Hilbert design is especially effective at reducing 

eddy current losses and results in the lowest overall power losses for 60 Hz operation. Relative to the 

M15 non-oriented laminated sheet reference, the Fe-3wt.%Si steel only shows better performance for 

low polarization, but the Fe-6wt.%Si Hilbert design shows improved performance across all 

polarizations [216]. 
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Figure 1.44 (a) Schematics of the complex thin wall Fe-3Si samples and (b) SLM-build thin wall 

cross-sections for magnetic characterization, Comparison of the loss behavior for bulk, thin wall, and 

mesh cross-sections (c) the hysteresis loss coefficient, (c) the eddy current loss coefficient as a 

function of peak polarization, and (e) a magnified view of the eddy current loss coefficients (adapted 

from [129]) 

Based on the results mentioned above, they have developed a novel transformer core design to 

incorporate a cross-sectional geometry inspired by a Hilbert curve. The cores were additively 

manufactured, annealed, machined, pickled, and assembled for magnetic testing. The nominal 

dimensions for the benchtop scale core and the cross-section design for the thin and thick legs of the 

transformer core are shown in Figure 1.45 (b). The mathematical definition of a Hilbert curve only fills 

squares, so this design was adapted for the specific transformer core leg cross-sections by assembling 

4th order Hilbert curves as exhibited in Figure 1.45 (c). Similar to the simple 6.35 mm square cross-

section, the wall thickness was nominally 400 μm. Each leg of the core (7 in total) was additively 

manufactured separately with the magnetic flux direction built parallel to the build direction (see in 

Figure 1.45 (d)), using the same process conditions as the simple square geometries. Once removed from 

the build chamber, the build plate and transformer components were annealed in an argon atmosphere 

for 4 h at a temperature of 1200 °C. Figure 1.45 (e) shows an example of a partially assembled core 

following machining. 

 

Figure 1.45 (a) SLM-build Fe-6wt.%Si thin wall cross-sections for magnetic characterization, (b) 

transformer core dimensions in mm (c) schematic of the Hilbert cross-section for thin and thick legs, 

(d) a finished SLM build (d) a partially assembled core after machining (adapted from [216]) 

According to the results of the magnetic tests shown in Figure 1.46 (d), they found that the Fe-

6wt.%Si cores exhibited lower power losses across all measured polarization. Overall, the transformer 

cores showed somewhat higher power losses than the 6.35 mm sq. Hilbert cross-sections. The Fe-

3wt.%Si transformer cores showed a greater increase in power losses relative to the square cross-
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sections than did the Fe-6wt.%Si transformer cores. They conclude that the transformer cores were 

found to produce slightly higher power losses under 60 Hz operation than comparable additively 

manufactured 6.35 mm square cross-sections, which was attributed to variations in grain structure and 

defects incurred during machining and assembly, particularly for the Fe-6wt.%Si alloy where 

embrittlement due to the high silicon content led to the fracture of fine features during machining. The 

additively manufactured cores showed performance roughly comparable or better than the conventional 

non-oriented sheet, but higher power losses than Goss oriented steel [216]. 

 

Figure 1.46 (a) the measured hysteresis loss coefficients and (b) eddy current loss coefficients, as well 

as (c) the power losses per unit mass for 60 Hz operation, (d) Power losses per unit mass of the 

transformer cores compared to the simple Hilbert cross-sections (Fe-6wt.%Si, adapted from [216]) 

Koo et al. [152] prepared structurally-layered (see in Figure 1.47 (a)) with shell’s thicknesses in a 

range of 0.2–1 mm Fe-6.5wt.%Si alloy by SLM technology firstly, magnetic measurement results show 

that the lowest possible core loss was obtained with sheet thickness of 0.2 mm. Then the surface was 

insulted by the sol-gel method to form a SiO2 layer on each shell (with a shell thickness of 0.5 mm). 

Finally, specimens were uniaxially compressed (Figure 1.47 (c)) to obtain densely packed structurally-

layered SMCs, which compacted to yield dense SMCs while preserving Ms above 1.65 T up to 11 layers. 
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Figure 1.47 (a-b) Schematic illustration of surface insulation formed through a sol-gel process (c) 

uniaxial compression, (d) magnified cross-sectional optical (d) SEM image, (e) corresponding EDS 

element mapping, (f) Ms of structurally-layered SMCs depending on several stacked shells [152] 

Based on the previous review, SLMed Fe-Si alloys has been attracting more and more attention and 

research. The properties of SLMed Fe-Si alloys reported in recent years are summarized in Table 1.2. It 

is suggested that different post-treatments have different effects on the magnetic properties of the SLMed 

parts, which exhibited non-monotonicity influence. Most of the studies focused on the effect of 

annealing treatment on magnetic properties. Similarly, the cores with different shapes and structures also 

show different magnetic properties, among which the influence on the power losses is the most 

significant. 

Table 1.2 The properties of SLMed Fe-Si alloys reported in recent years 

Materials 

& Ref. 
Post-treatments Samples structures 

Magnetic properties 

Hc (A/m) μmax Ms/Bs 
PL 

(W/kg) 

Fe-

3wt.%Si 

[129, 216] 

As-built 

 
Single Hilbert 

- 290 - 

~9 (60 

Hz, 1 

T) 

HIP/200 

Mpa/1150 °C/2 h 

- 

 
1250 - 

~1.8 

(60 Hz, 

1 T) 

Annealed/1200 °C/4 h 

 
Assembled core 

- - - 

~3.6 

(60 Hz, 

1 T) 
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Fe-

3.7wt.%Si 

[217] 

As-built 

 

205 (1.5 T) 3220 

1.5 T 

at 

1800 

A/m 

- 

Annealed/800 °C/1 h 132 (1.5 T) 7460 

1.5 T 

at 

2500 

A/m 

~15.3 

(50 Hz, 

1 T) 

Annealed/1200 °C/1 h 41 (1.5 T) 28900 - 

~10.4 

(50 Hz, 

1 T) 

Annealed/800 °C/1 h 

 

- - - 

~3.3 

(50 Hz, 

1 T) 

Annealed/1200 °C/1 h - - - 

~1.2 

(50 Hz, 

1 T) 

Fe-

6.0wt.%Si 

[129, 216] 

HIP/200 

MPa/1150 °C/2 h   
Single Hilbert 

- - - 

~1.4 

(60 Hz, 

1 T) 

Annealed/1200 °C/4 h 

 
Assembled core 

- - - 

~2.0 

(60 Hz, 

1 T) 

Fe-6.5Si 

[152] 

As-built 

 
Surface insulation 

165 797 - 

~2.81 

(50 Hz, 

1 T) 

HT1200 °C 34.6 7393 - 

~1.35 

(50 Hz, 

1 T) 

Fe-

6.7wt.%Si  

[108] 

HT1050 °C/1 

h/vacuum 

Ring-H5 mm-

D1/D2 40/30 mm 
16 31000 - 

~0.7 

(50 Hz, 

1 T) 

Fe-

6.9wt.%Si 

[212] 

Annealed/1150 °C/1 

h/Ar 

Ring-H5 mm-

D1/D2 40/30 mm 
16 24000 

1.6T 

at 50 

A/m 

~2.2 

(50 Hz, 

1 T) 

Hc: Coercivity; Μmax: Maxiumum permeability; Ms/Bs: Saturation magnetization; PL: Power losses; 

HIP: hot isostatic pressing; HT: Heat treatment. 

1.8.1.5 Soft magnetic alloys based on Fe-Ni 

Mazeeva et al. [38] presented a study on the relations of microstructure, heat treatment parameters, 

and magnetic properties of Fe-50wt.%Ni permalloy bulk samples prepared by the SLM technique from 

gas atomized powder with the same chemical composition. They found that a stable polycrystalline 

structure was obtained, which could provide stable values of permeability and coercivity. Appropriate 

heat treatment led to a partial decrease in Hc and an increase in μmax due to partial stress relaxation. The 
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effects of the SLM parameters on the structure and magnetic properties were not discussed, and the 

power losses of the samples were not evaluated in this investigation. Zou et al. [218] optimized the build 

condition of SLMed permalloy-80 from gas atomized powder using an island scanning strategy with an 

island. After that, see in Figure 1.48, they controlled the grain orientations of the alloys via titled one or 

two rotational angles to the substrate to achieve improved magnetic properties in the build directions 

during laser powder bed processing. Similarly, magnetic shielding promotion via the control of magnetic 

anisotropy and thermal post-processing (HT and HIP) in LPBF-processed NiFeMo-based soft magnet 

(pre-alloyed powder 82.77Ni, 12.8Fe, 4.37Mo, wt.%) has been reported by Mohamed [219]. The 

microstructures and magnetic properties could be promoted while the strength of the material could be 

reduced by the thermal treatments. 

 

Figure 1.48 The photograph, EBSD map and SEM images of permalloy-80 built at different 

geometries: (a) (d) and (g) <100> geometry (b), (e) and (h) are <110> geometry, (c), (f) and (I) are 

designed according to <111> geometry. All the scalebars represent 200 μm [218] 

1.8.2 Other soft magnetic alloys and components 

Several other types of research have been concentrated on soft magnetic materials such as Fe-Co 

[220, 221] based alloys, SMCs [108, 137, 222], amorphous alloys[156, 223] processing using the SLM 

technique. Riipinen fabricated the Fe-49Co-2V soft magnetic alloys by the LPBF process [220], and the 

samples were exposed to different heat treatment cycles to improve the magnetic properties. Researchers 

from VTT Research Center Finland [224] printed and designed a 6/4 pole switch reluctance motor with 

complex cavities (see in Figure 1.49) using a Fe-Co alloy processed from SLM. The results 

demonstrated comparable magnetic saturation and mechanical properties with the standard Fe-Co alloy, 

although the specific power loss from eddy currents was high. Goll et al. [108] suggested multilayered 

structures of alternating layers of electrically insulating material and soft magnetic material to further 

reduce eddy current losses, as shown in Figure 1.50, they manufactured an SMCs combined complex 

topological structure and alternating layers of FeSi6.7 (thickness: 600 μm), and FeAl16 (140 μm) by the 

industrial scale equipment (SLM 280 H L, SLM Solutions) and two process chambers developed for lab 

scale experimentation (homemade). They indicated that could reduce the eddy current losses. 

https://www.emerald.com/insight/search?q=Tuomas%20Riipinen
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Figure 1.49 SLM rotor active part and shaft of a PM motor (Fe-Co alloy) [25] 

 

Figure 1.50 Example of an SMCs multilayered structures: (a) Schematic illustration, (b) AM Prototype 

of alternating layers of FeSi6.7, and FeAl16 (OM image shows part of the cross-section) [108] 

At present, in the available databases, there are dozens of public literatures about AM soft magnetic 

materials and their use in electrical machines manufacturing, SLM soft magnetic materials account for 

the highest proportion (~50%) [25]. However, there is still a lack of literature about SLM magnetic 

alloys. 

1.9 Conclusions 

With the increasingly essential demand for soft magnetic materials in the industry, automotive, and 

household appliances, it is important and urgent to develop new soft magnetic materials and improve 

the performance of traditional soft magnetic materials. Soft magnetic alloy is an important soft magnetic 

material, especially the Fe-Si-based soft magnetic alloy, which is the most important soft magnetic 

material occupying the vast majority of the soft magnetic market. It is urgent to develop more efficient, 

more design freedom manufacturing methods and improve the properties of the products. The freeform 

capabilities of the additive process and the magnetic efficiency of silicon steel have the potential for the 

development of electromechanical component designs that could be particularly attractive for certain 

electromechanical applications. In particular, the high efficiency and design freedom of the SLM 

technology in the manufacturing of complex shape products had made it show great potential. 

So far, the research on SLMed soft magnetic alloys is still insufficient, and the investigation on 

SLMed Fe-Si-based soft magnetic alloy is only in the preliminary stage, lacking systematic research. 

Hence, systematic and detailed studies on SLMed Fe-Si-based soft magnetic alloys should be conducted. 

1.10 Objectives and motivation of this study 

A detailed literature review of the SLMed Fe-Si-based soft magnetic alloys has been performed as 

mentioned above. The AM technique has been attracted wide attention for manufacturing soft magnetic 
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alloys. The freeform capabilities of the SLM process and the magnetic efficiency of silicon steel have 

the potential for the development of electromechanical component designs that could be particularly 

attractive for certain electromechanical applications. However, the research about AM Fe-Si-based soft 

magnetic alloy is still insufficient, especially a systematic study on the microstructure and materials 

properties of Fe-Si soft magnetic alloy via SLM technology is still lacking. Given the increasing demand 

for Fe-Si soft magnetic alloys, especially their great application potential in the new electric machines 

such as motors and devices. The objective of the work presented in this thesis is to systematically study 

the microstructure evolution and the magnetic properties of the Fe-Si-based soft magnetic alloys 

produced by the SLM technique, to seek better-performing manufacturing technologies for soft 

magnetic materials. This work is mainly presented in several parts: 

(1) Fe-3wt.%Si pre-alloy powder was adopted for the raw material in this study. Optimization 

parameters have been established for manufacturing SLMed dense parts. The effects of the parameters 

on finished surface quality, relative density, microstructure, magnetic properties, etc. have been 

characterized and described in detail. 

(2) The oriented magnetic properties and mechanical properties of the SLMed samples fabricated 

via optimized processing parameters have been discussed. The influence of different heat treatments on 

the microstructure and magnetic properties of the SLMed Fe-3wt.%Si alloys manufactured by optimized 

processing parameters have been investigated. 

(3) Fe-3.5wt.%Si, Fe-4.5wt.%Si, Fe-5.5wt.%Si pre-alloy powders were used to study the effects 

of silicon content on microstructures, magnetic properties, and mechanical properties of these SLMed 

silicon steels. Detailed investigation of the effect of the heat treatment on their microstructures and 

magnetic properties has been also presented. 
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Chapter 2 Materials characterization and experimental 

techniques 

2.1 Characterization of the raw materials 

In this work, Fe-3wt.%Si, Fe-3.5wt.%Si, Fe-4.5wt.%Si, Fe-5.5wt.%Si, pre-alloy powders were 

used as the raw materials respectively. The Fe-3wt.%Si powder was purchased from POCO Holding 

CO., LTD (Shenzhen, China), the others were purchased from HUNAN HUALIU NEW MATERIALS 

CO., LTD. The shape, morphology, and chemical composition of the powder were characterized by 

scanning electron microscopy (SEM JEOL-5900 LV, Japan), equipped with energy-dispersive X-ray 

spectroscopy (EDS) unit. The particle size distributions of the powders were measured by a laser 

diffraction powder sizer (Mastersizer 2000, Malvern Instruments Ltd., UK) which is displayed in Figure 

2.1. The cross-sections of the particles were observed by an optical microscope (OM, Nikon, Japan). 

Besides, the overview and representative magnified morphology of the used metallurgical powder were 

presented. The phase composition was performed by XRD analyses on an X-Ray diffractometer (XRD-

6100, Shimadzu Co. Ltd., Japan). 

 

Figure 2.1 Laser diffraction powder sizer 

As can be seen in Figure 2.2-Figure 2.4, the powder particles were mainly spherical and near-

spherical in shape, without satellite particles on the surface. That is an important characteristic of 

excellent flowability which meets exactly the requirement during the SLM process. The particle size 

distributions are concentered on 15 μm-40 μm. From the cross-sectional OM pictures of the particles, it 

can be observed that there are no obvious hollows and pores in the powders. The results of EDS 

characterization are agreed with the chemical composition that is listed in Table 2.1. The XRD spectra 

of the powders depicted in Figure 2.5 (a) show only the peaks of the bcc-Fe phase in Fe-3wt.%Si, Fe-

3.5wt.%Si, Fe-4.5wt.%Si, Fe-5.5wt.%Si alloys. 
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Figure 2.2 Characterization of Fe-3wt.%Si: (a) morphology and cross-section of the particles, (b) 

particle size distribution, (c) the results of EDS 

 

Figure 2.3 Characterization of Fe-3.5wt.%Si: (a) morphology and EDS mapping (b) cross-section of 

the particles, (c) the results of EDS, (d) particle size distribution 
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Figure 2.4 Characterization of Fe-4.5wt.%Si: (a-d) and Fe-5.5wt.%Si (e-h): (a) (e) morphology and 

EDS mapping (b) (f) cross-section of the particles, (c) (g) the results of EDS, (d) (h) particle size 

distributions 

Table 2.1 The nominal composition of the powders 

Alloy 
Nominal composition (wt.%) 

Fe Si C O S P Ni Cr 

Fe-3Si Bal 3±0.1 ≤0.03 ≤0.04 ≤0.01 ≤0.02 - - 

Fe-3.5Si Bal 3.5±0.15 ≤0.03 ≤0.04 ≤0.01 ≤0.02 - - 

Fe-4.5Si Bal 4.5±0.15 ≤0.03 ≤0.04 ≤0.01 ≤0.02 - - 

Fe-5.5Si Bal 5.5±0.15 ≤0.03 ≤0.04 ≤0.01 ≤0.02 - - 

 

Figure 2.5 XRD spectra of the raw powders 

2.2 The SLM system 

2.2.1 Introduce to the utilized machine 

A series of specimens were prepared using a selective laser melting machine MCP Realizer SLM 

250 system (MCP-HEK Tooling GmbH, Germany). It is equipped with an Nd-YAG fiber laser. The 

maximum power is 400W. The photos of this machine and working chamber are exhibited in Figure 2.6. 

It employs a hopper of feedstock powder. The chamber can be filled with argon. The gas circulation 
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system can discharge the splashed powder or dregs to the side. The platform can be moved up and down 

by motor control. The oxygen content can be kept below 0.2 vol.% using neutral gas (such as argon) 

controlled by a sensor to avoid material oxidation during manufacturing. In this work, the 316L steel 

was used as a platform for manufacturing. 

 

Figure 2.6 (a) The utilized SLM system, (b) working chamber 

2.2.2 Working principle and main processing parameters 

Before starting all the works, the 3D design software was used to design the building models, then, 

the models were imported into the SLM computer system for slicing and setting parameters. In the 

system of SLM 250, the laser beam (with a laser power) expose (exposure in a time at a level of ~μs) 

and scan rapidly (with a scanning speed) with the designed strategy, which was controlled by the 

computer, Figure 2.7 (a) is a picture of SLM manufacturing process. As shown in Figure 2.7 (b), the 

distance between the centers of each laser spot is defined to point distance, and the distance between 

each laser track is hatch distance. When the first layer powder was selectively melted fully, the platform 

could be dropped a height to spreading the second powder, the value of the height is layer thickness. 

The processing parameters can be set in the computer system. As depicted in Figure 2.7 (b), the planes 

of the SLMed samples are referred to the conventions in ISO ASTM 52 921: 2013[1], where XY plane 

is the transversal plane (scanning plane of the laser beam) and XZ/YZ planes are the lateral planes of 

the building direction. 

 

Figure 2.7 (a) SLM manufacturing process, (b) Schematic diagram of scanning strategy and 

parameters 
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2.3 Materials characterization 

2.3.1 Top surface morphology and porosity analysis 

The roughness and surface morphology of the top side (XY plane) of each SLM sample was 

investigated by a DektakXT profilometer (Bruker, American, see in Figure 2.8) and an SEM instrument 

(JSM5800LV, JEOL, Japan). These SLMed samples were embedded in resin, polished, and then etched. 

As shown in Figure 2.9 (a), an optical microscope was used to obtain optical micrographics and observe 

the defects distributions. The porosity was determined from the OM micrographs by an image analysis 

method. To achieve repeatability, the XZ plane of each sample was analyzed with a minimum of five 

optical micrographs at different areas alternatively via the image processing software ImageJ. 

 

Figure 2.8 The profilometer system 

2.3.2 Microstructural characterization 

To clearly observe the microstructure, specimens were polished and etched at room temperature 

using a Nital solution (3% nitric + 97% ethanol) for 30-40 s, then, were observed by the OM (Figure 2.9 

(a)). The etched samples were also observed by SEM system (Figure 2.9 (b)), equipped with an EDS 

unit. 

Texture and crystallographic orientations of SLMed specimens were observed by electron back-

scattering diffraction (EBSD) spectrometer (NordlysMax3, Oxford Instruments, UK) with a step size of 

0.15 μm and analyzed using Channel 5 software. Samples for EBSD characterization were prepared by 

mechanical polishing and final surface iron milling. 

 

Figure 2.9 (a) The optical microscope and (b) scanning electron microscopy 
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2.3.3 Phase analysis 

 

Figure 2.10 The X-Ray diffractometer 

The XRD analyses were performed on an X-Ray diffractometer (XRD-6100, Shimadzu Co. Ltd., 

Japan), as presented in Figure 2.10, operating at 40 kV/40 mA and using Cu Kα radiation (λ=0.15406 

nm). 2θ scans were performed between 30 ° and 110 ° with a scan speed of 5 °∙min-1. 

2.4 Post heat treatment 

As shown in Figure 2.11, post heat treatments were performed using a homemade furnace (PMDM-

LERMPS) under Argon protective atmosphere to prevent the samples from oxidation. The furnace 

temperature can reach 1100 °C. The heating rate was about 5 °C min−1 and the samples can be cooled in 

different ways, such as with furnace cooling, air cooling, or water quenching, depending on the 

requirements of the experiment. 

 

Figure 2.11 Home-made furnace (PMDM-LERMPS) 



Chapter 2 Materials characterization and experimental technique 

59 

2.5 Measurement and study of magnetic properties 

2.5.1 Test of magnetic properties using VSM method 

A vibrating sample magnetometer (VSM) operates on Faraday's Law of Induction, which tells us 

that a changing magnetic field will produce an electric field. This electric field can be measured and can 

tell us information about the changing magnetic field. A VSM is used to measure the magnetic behavior 

of magnetic materials. A VSM operates by first placing the sample to be studied in a constant magnetic 

field. If the sample is magnetic, this constant magnetic field will magnetize the sample by aligning the 

magnetic domains, or the individual magnetic spins, with the field. The stronger the constant field, the 

larger the magnetization will be. The magnetic dipole moment of the sample will create a magnetic field 

around the sample, sometimes called the magnetic stray field. As the sample is moved up and down, this 

magnetic stray field is changing as a function of time and can be sensed by a set of pick-up coils. The 

alternating magnetic field will cause an electric field in the pick-up coils according to Faraday's Law of 

Induction. This current will be proportional to the magnetization of the sample. The greater the 

magnetization, the greater the induced current. The induction current is amplified by a transimpedance 

amplifier and lock-in amplifier. The various components are hooked up to a computer interface. Using 

controlling and monitoring software, it can be known how much the sample is magnetized and how its 

magnetization depends on the strength of the constant magnetic field. Thus, through the measurement 

of the VSM method, the hysteresis loop of magnetic samples can be obtained. Based on the hysteresis 

loop, the magnetic characteristic such as magnetization-magnetic filed (M-H) curve, saturation 

magnetization (Ms), remanent magnetization (Mr), coercivity Hc, and the slope of Hc, etc. can be obtained. 

In this study, the static magnetic measurements were achieved employing a Lakeshore 7404 vibrating 

sample VSM at room temperature, under an applied magnetic field of 20 kOe. This VSM system can be 

used to characterize the static magnetic properties of materials as a function of the magnetic field, 

temperature, and time. Available in three different variable gap electromagnet configurations providing 

fields over 2 T. The specimens with dimensions of 3 mm × 3 mm × 3 mm were adopted to VSM 

measurements. Its schematic diagram and equipment are shown in Figure 2.12. In this VSM test, the 

Gauss system of units (CGS) was adopted. 

 

Figure 2.12 A schematic diagram and equipment of the VSM 

2.5.2 Test of magnetic properties by AC method 

The ring method was also employed for the measurement of material magnetic properties. The 

measurements were conducted at the frequencies of 50 Hz for the investigation of AC losses. A magnetic 

measure system (MATS-2010SA, see in Figure 2.14) was used to automate measurement and data post-
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processing with good repeatability. Experiments were conducted at the ambient temperature of ~20 °C, 

without a significant increase in the sample temperature during the measurements. A schematic of the 

AC magnetic property measurements is shown in Figure 2.13 (a), as well as a measured sample in Figure 

2.13. The bottom surfaces of the ring specimens were ground for surface finish. The final sample height 

was h=4 ± 0.1 mm. Total power losses (P50–1) at excitation frequency f=50 Hz and maximum flux density 

B=1 T were also determined, following the guidelines presented in [2] for the measurement of the AC 

magnetic properties of soft magnetic materials using ring samples. The magnetic measurements were 

repeated for each ring specimen until for each of the magnetic properties considered a level of 

uncertainty<3% could be achieved. Uncertainty was calculated using the standard error. Furthermore, 

for each of the process parameters considered, several ring samples were manufactured to assess the 

repeatability of the manufacturing process. From the experimental data, the magnetic field strength H 

was calculated by the following equation respectively [3]: 

 𝐻 =
𝑁1𝐼

𝑙𝑟
 Equation 2.1 

 𝐵 =
1

𝑁2
(∫ 𝑉(𝑡)𝑑𝑡) Equation 2.2 

where N1 is the number of turns of the primary coil, N2 is the number of turns of the secondary coil, 

I is the instantaneous current value, 𝑒 is the instantaneous induced electromotive force, lr is the ring 

average length. 

In particular, the property in this study was the total specific power losses at fixed excitation 

frequency and output magnetic flux density. The total losses are the total loss per unit of sample mass 

and were calculated using the wattmeter method using the following equation [4, 5]: 

 𝑃𝑐𝑦𝑐𝑙𝑒 = 𝐶ℎ𝑦𝑠𝑡  (B)f + 𝐶𝑒𝑑𝑑𝑦 (B)f 2 Equation 2.3 

where Pcycle is the total power losses per cycle, f is frequency, Chyst is a coefficient associated with 

hysteresis (materials) losses, and Ceddy is a coefficient associated with eddy current losses. 

 

Figure 2.13 (a) A schematic of the AC magnetic measurements setup, (b) a measured sample 
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Figure 2.14 AC magnetic property measurements system 

2.5.3 Test of DC magnetic properties 

According to the guidelines presented in Ref.[6], the DC hysteresis loop (B-H curve) of the samples 

was measured by using a standard method based on a commutation curve registration which demands a 

ring-shaped sample to obtain a closed magnetic field in the measuring circuit to provide high accuracy 

of the measurements. Maximum relative permeability (μmax) of the samples was determined at an applied 

flux density H=5000 A/m were employed to assess their magnetic properties, while saturation magnetic 

induction (Bs) remanence (Br) and coercivity (Hc) were determined from the B-H loop to assess loop, 

respectively. In the AC and DC magnetic properties measurements, the International System of Units 

(SI) was adopted. 

2.6 Measurement and study of mechanical properties 

2.6.1 Microhardness 

The Vickers hardness measurements were carried out at different locations on the XY and XZ 

planes, respectively. The Vickers hardness was measured using a microhardness tester (Leiz-Wetzlar, 

Germany) at a condition with a load of 100 g and an indentation time of 25 s. To ensure accuracy, the 

average value of the hardness was recorded by 10 measurements. 

 

Figure 2.15 The microhardness tester 

2.6.2 Tensile test 

The tensile samples were fabricated parallel to the platform and removed from the platform along 

the XY plane, as depicted in Figure 2.16 (a). Macro morphology of the polished tensile samples with a 

gauge length of 25 mm, a width of 3 mm, and a thickness of 3.5 mm for mechanical properties test were 
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shown in Figure 2.16 (c). Tensile tests were carried out at room temperature according to the ASTM E 

8M standard at a displacement rate of 1 mm/min [7]. The morphology of tensile testing equipment was 

displayed in Figure 2.16 (b). Mechanical properties including ultimate tensile strength (UTS), yield 

strength (YS), and fracture strain were read directly from the INSTRON tensile tester. The elongation 

at break (EL) was measured based on the guidance of the ASTM E 111 standard. The strain-to-failure 

was evaluated through strain gauges and electronic extensometers with a range of 10 mm that were 

mounted on the gauge section of the test samples. For each experimental group, three samples were 

tested, and the averaged values were calculated. The fracture morphologies of the tensile samples were 

then observed and investigated using SEM. 

 

Figure 2.16 (a) The tensile samples ; (b) static tensile test machine (c) polished SLMed samples for 

tensile test 
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Chapter 3 Effect of processing parameters on surface 

morphology, microstructure, and the magnetic properties of 

Fe-3wt.%Si alloys manufactured by selective laser melting 

3.1 Introduction 

Soft magnetic materials are regarded as a type of materials that are easy to be magnetized and 

demagnetized [1], such as Fe-Ni, Fe-Co, Fe-Si alloys, etc. Owing to the high permeability, low coercivity, 

and low hysteresis loss, soft magnetic materials are widely used in the magnetic field [2]. Silicon steel, 

an iron-based alloy with Si element in concentrations between 2-7wt.%, is a quite significant class of 

soft magnetic materials [3]. Within the family of silicon steel, due to high magnetic transition 

temperature and low economic cost, Fe-3wt.%Si soft magnetic alloy obtained extensive attraction in 

many industrial applications including sensors, transformers, inductive devices, electric motors, etc. [4]. 

Traditionally, silicon steel is fabricated via an extrusion process or multiple rolling processes followed 

by an annealing heat treatment [5]. Unique forming processes of silicon steel have been reported in 

many studies including powder metallurgy [6], cast strips [7], and electron-beam physical vapor 

deposited [8]. Even if these methods have been investigated in the past decades, they are rarely used in 

commercial applications. 

The SLM technology plays a vital role in the extended potential applications for manufacturing 

high-performance alloys. In the automotive, medical, and aerospace industries, SLM technology has 

been applied in the fabrication of high-quality metallic structural parts with brilliant properties [9]. Apart 

from the structural applications, the SLM also has great potential in the production of functional parts 

such as soft magnetic alloys [10]. As mentioned above, Fe-based soft magnetic alloy produced through 

SLM has attracted much attention. However, the research about the SLMed Fe-3wt.%Si alloy is 

relatively scarce. 

Additionally, the investigations about Fe-Si soft magnetic alloys processed via SLM technology 

are also insufficient, especially the study on SLMed Fe-Si alloy using the pre-alloy powder as raw 

materials. Therefore, this work focused on the systematical investigation for optimizing the processing 

of SLMed Fe-3wt.%Si alloy, preliminary experiment and selection of processing parameters were 

investigated firstly, to improve the microstructures and the properties of SLMed Fe-Si soft magnetic 

alloys. The effects of the laser energy density (LED) on surface morphology, the microstructures, and 

the magnetic properties of SLMed Fe-3wt.%Si alloys were explained in detail. The roughness and 

surface morphology of the top side (XY plane) of the SLMed samples were investigated by a DektakXT 

profilometer (Bruker, American) and scanning electron microscopy (SEM). An optical microscope (OM) 

was used to obtain optical micrographics and observe the microstructure characteristics. The porosity 

was determined from the OM micrographs by an image analysis method. To achieve repeatability, each 

sample was analyzed with a minimum of five optical micrographs at different areas alternatively via the 

image processing software ImageJ. The SEM system was also employed to evaluate the feature of the 

microstructures. The phase composition was performed by an X-Ray diffractometer. The Vickers 

hardness measurements were carried out at different locations on the XY and XZ planes, respectively. 

To ensure accuracy, the average value of the hardness was recorded by 10 measurements. The magnetic 

properties of SLMed specimens were evaluated by a vibrating sample magnetometer (VSM) at room 

temperature. 
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3.2 Preliminary experiment and selection of processing parameters 

The detailed preliminary process parameters used for SLM process optimization are listed in Table 

3.1. A series of cubic specimens with dimensions of 8 mm × 8 mm × 8 mm were prepared by these 4 

groups of parameters. The laser power (P, W), exposure time (t, μs), and point distance (d, μm) of these 

four groups of parameters were adjusted to study their comprehensive influence on porosity. As 

described in Figure 3.1 (a), a zigzag scanning pattern with the neighboring laser track rotation of 90 ° 

was utilized during the SLM process. To avoid oxidation, the chamber was adopted under an argon 

atmosphere to maintain the content of residual oxygen content below 1.0%. And the platform was 

preheated at 200 °C during the process. 

 

Figure 3.1 (a) Scanning strategy, (b) SLMed specimens 

Moreover, the linear energy density LED (E, J/m) was calculated via the equation as a linear 

function of the scanning speed (v, m/s) and laser power: 

 LED =
P

v
=

Pt

𝑑
 Equation 3.1 

The obtained specimens are shown in Figure 3.1 (b). After static analysis, the OM images and 

porosities of the samples are presented in Figure 3.2-Figure 3.6, it can be observed that the porosities of 

each group of samples decrease with the increase of LED. 

Table 3.1 The preliminary SLM parameters 

Group Group 1-3 Group 4 

Laser spot diameter (μm) 35 35 

Layer thickness (μm) 30 30 

Hatch distance (μm) 60 60 

Laser Power (P/W) 70,80,90 80 

Exposure time (t/μs) 144 33.3,50,100,150,250,300 

Point distance (d/μm) 80,70,60,50,40,30 40 
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Figure 3.2 Effect of processing LED on sample porosity: the OM images of different SLMed Fe-

3wt.%Si samples fabricated under the parameters of group 1 

 

Figure 3.3 Effect of processing LED on sample porosity: the OM images of different SLMed Fe-

3wt.%Si samples fabricated under the parameters of group 2 

 

Figure 3.4 Effect of processing LED on sample porosity: the OM images of different SLMed Fe-

3wt.%Si samples fabricated under the parameters of group 3 
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Figure 3.5 Effect of processing LED on sample porosity: the OM images of different SLMed Fe-

3wt.%Si samples fabricated under the parameters of group 4 

 

Figure 3.6 The evolution of porosity of different SLMed Fe-3wt.%Si samples (a) group1, (b) group2, 

(c) group3, (d) group4 

3.3 The influence of laser energy density on the surface morphology, microstructure 

and microhardness 

From the above results of the preliminary selection of the SLM process, LED is a comprehensive 

factor affecting the porosity. Therefore, this part mainly studies and analyzes the influence of LED on 

surface morphology, microstructure, and microhardness of SLMed Fe-3wt.%Si. Different laser power 

with 50 W, 70 W, 100 W, 140 W, 180 W were used to prepare a series of SLM cubic samples. The laser 

spot, laser scanning speed, hatch distance, and layer thickness were kept in a constant value with 35 μm, 

0.33 m/s, 60 μm, and 30 μm respectively. To avoid oxidation, the chamber was adopted under an argon 

atmosphere to maintain the content of residual oxygen content below 1.0%. The platform was also 

preheated at 200 °C during the process. Apart from specimens with dimensions of 8 mm × 8 mm × 8 

mm, the specimens with dimensions of 3 mm × 3 mm × 3 mm and the ring samples of height h=4 mm, 

external diameter d1=26 mm, internal diameter d2=18 mm, were manufactured for the measurement of 

magnetic properties, the scanning strategy and some of the samples are replayed in Figure 3.7. The 

specimens named hereafter E150, E210, E300, E420 and E540 according to LED = 150 J/m, 210 J/m, 

300 J/m, 420 J/m and 540 J/m, respectively. The detailed parameters are listed in Table 3.2. 

Table 3.2 The detailed parameters 

Specimen Laser Power 

(W) 

Laser spot 

(μm) 

Laser Scanning 

Speed (m/s) 

Hatch Distance 

(μm) 

Layer Thickness 

(μm) 

E150 50 

35 0.33 60 30 

E210 70 

E300 100 

E420 140 

E540 180 
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Figure 3.7 (a) 3D model of ring sample, (b) scanning strategy, (c) some samples 

3.3.1 Macroscopic morphology and surface roughness 

Surface morphology is an important feature of SLMed products, which can reflect manufacturing 

quality. To investigate the influence of LED on surface morphology, the top surface (XY plane) of SLM 

Fe-3wt.%Si alloy was characterized. The macroscopic surfaces of the corresponding samples are shown 

in Figure 3.8 (a). As displayed in Figure 3.8 (b-f), with various LEDs, the SEM surface macroscopic 

morphology images of different specimens were obtained. Although the spattering particles are almost 

found on the surface of all specimens, significant distinctions with different molten pools and laser track 

patterns (marked by orange lines in Figure 3.8 (d) and Figure 3.8 (e)) are still observed. Under low LED, 

not only some spherical shape particles but also irregular protuberances (marked by white arrows in 

Figure 3.8 (b) and Figure 3.8 (c)) can be observed on the surface of samples E150 and E210. The laser 

tracks on the surface of these samples are incomplete and discontinuous with a curved geometry, which 

is the result of a segmentation effect on the elongated molten pool. The reasons for these phenomena 

would be summarized by the following aspects. On one side, during the SLM process, some powder 

particles could not be fully melted due to the low temperature in the molten pool with a low LED. In 

this situation, those un-melted particles were left on the surfaces. On the other hand, according to the 

reports [11, 12], the physical model for the surface tension of liquid metal mainly contains a normal 

component and tangential component of the surface. They can be calculated via the two following 

equations [11, 12]: 

 fs
(nd) = −âσ(T)(∇ ∙ â) Equation 3.2 

 fs
(td) = ∇σ(T) − â(â ∙ ∇)σ(T) Equation 3.3 

where fs
(nd)

, fs
(td)

, represent the normal component and the tangential component of surface 

tension respectively, â  represents the unit normal of the interface, and where σ(T)  is the surface 

tension coefficient that can be given by a function of the temperature i.e., σ(T) = σ0 + γ(T − Tm), here 

σ0 is the surface tension at the melting point, T is the temperature of liquid metal, Tm represents the 

melting temperature of the metal powder. γ is the surface tension gradient coefficient, which in general 

has a negative value for most of the liquid metals. In other words, σ(T) will reduce with the increase 

in temperature. ∇ represents the surface gradient in the tangent plane, low LED that had a low 

temperature in the molten pool which would lead to the high tension of both normal and tangential 

components [11-13]. The melting powder would shrink into spherical particles due to the high surface 

tension, which leads to the formation of a series of discrete molten pools and several irregular 

protuberances. It is defined as a balling effect [14]. Additionally, the balling effect occurred when the 

melted powder did not wet the underlying layer due to oxide contamination of the layer on the substrate 

and the surface of the melt. Besides, an insufficient heat transmission will also lead to a failure spreading 
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of the laser tracks, which results in the clearance leakage between the adjacent laser tracks. It would 

cause the formation of the void. With the increase of LED, the laser tracks are gradually clear, 

completing a regular pattern. The adjacent laser tracks are also closely connected. Meanwhile, there are 

a few fine particles marked by white arrows in Figure 3.8 (f) on the surface of sample E540 at the highest 

LED with 540 J/m. Some of them are the general spattering particles, and others are special spattering 

particles i.e. over-burning debris caused by excessive LED [15]. 

 

Figure 3.8 Macroscopic morphology and SEM images of surface morphology of SLMed samples at 

different LED: (a) Macroscopic morphology of the SLMed samples, (b) 150 J/m, (c) 210 J/m, (d) 300 

J/m, (e) 420 J/m, (f) 540 J/m 

It is well known that roughness is an important index to evaluate the surface quality of SLMed 

products. It has a direct relationship between roughness and surface morphology. To understand the 

impact of the LED on the surface roughness of the SLMed Fe-3wt.%Si alloy, the three-dimensional 

surface topographies, and surface roughness (Ra) were further analyzed by a profilometer. As 

represented in Figure 3.9 (a-e), the three-dimensional surface topographies of the SLMed parts are 

consistent with the morphology under SEM (Figure 3.8 a-e). The surface macroscopic morphologies 

present a phenomenon of gradual smoothing with the increase of LED. In Figure 3.9 (f), it can also be 

reflected that the variation in surface roughness decreases as the increase of LED. In fact, the balling 

effect [16] and the spattering phenomenon [17] are the primary factors affecting the surface roughness 

of the SLMed parts. At low LED, the liquid phase is insufficient which leads to poor fluidity of the 

powder and short lifetime of the molten pool, contributing to the formation of the balling effect [16]. As 

it can be seen in both Figure 3.8 and Figure 3.9, with the increase of LED, the effect of the balling 

becomes gradually less prominent. Meanwhile, a high LED (≥300 J/m) per unit area that leads to parts 

of spattering particles are melted through intensive heat transfer [17]. In high LED, the number of 

spattering particles is less and their size is smaller. All these contribute to the decrease of surface 

roughness (24.36 μm-11.30 μm) of the samples with the increase of LED. The roughness of the top 

surface is strongly dependent on LED, which can be proved by the mentions above. It can be concluded 

that the surface roughness of the SLMed parts decreases with the increase of LED. Insufficient energy 

density causes a rough surface and obvious voids, but excessive energy density leads to overburning. 
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Figure 3.9 Three-dimensional surface topographies and the values of roughness of the SLMed parts at 

different LED: (a) 150 J/m, (b) 210 J/m, (c) 300 J/m, (d) 420 J/m, (e) 540 J/m, (f) the values of 

roughness 

3.3.2 Analysis of manufacturing defects 

It is well known that the SLMed parts have two main internal defects: cracks and pores. They can 

be observed by an optical microscope [18]. This part aims to describe the impact of LED on the internal 

defects of Fe-3wt.%Si alloys produced by SLM. The internal quality could mostly be reflected in the 

cross-section plane (parallel to building direction) of SLM products. And the cross-sectional (XZ plane) 

OM images of SLMed Fe-3wt.%Si parts are demonstrated in Figure 3.10 (a–e). It is noted that 

macrocracks are not obvious in all samples, only some pore defects were observed. The absence of 

microcracks benefits the performance of SLMed products. Moreover, it could be seen that the number 

of pores in the sample decreases with the increase of LED. In the meantime, it is found that only some 

small pores with regular shapes are observed in the sample E540, but both large pores with irregular 

shapes and small pores with regular shapes are observed in the other samples (as shown in Figure 3.10, 

which are highlighted by different symbols). Both the size and the number of large pores decrease with 

the increase of LED. 
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Figure 3.10 OM images of cross-sectional (XZ plane) at different LED and porosity rate of SLMed 

specimens at different LED: (a) 150 J/m, (b) 210 J/m, (c) 300 J/m, (d) 420 J/m, (e) 540 J/m, (f) 

porosity rate changes as a function of laser energy density 

 

Figure 3.11 Magnification OM images of XZ plane for SLMed specimens at different LED: (a) 210 

J/m, (b) 540 J/m 

 The large pores mentioned above are identified as irregular holes(marked by white arrows) due to 

their irregular shape and their larger size above 100 μm while the small pores are identified as gas pores 

(marked by orange circles) according to their size smaller than 100 μm with circular shapes [19, 20]. In 

Figure 3.11, magnification OM images of the XZ plane for SLMed specimens fabricated with a LED of  

210 J/m and 540 J/m show the irregular holes and circular, it can be seen the shape clearly. The formation 

of irregular holes is attributed to rapid solidification of the metal powder without complete filling, 

leading to gaps and balling effects on the surface of the layer in the SLM process. Especially, as a low 

LED reduces the operative temperature within a molten pool, resulting in a limited amount of liquid 

within the molten pool and a restriction of the complete spreading of the liquid powder. And the previous 

layers couldn’t be re-melted totally in this case [21]. The balling effects on the surface of each layer 

were also serious at low laser energy laser input. Accordingly, irregular holes with large sizes could be 

obtained in adjacent layers due to the above comprehensive reasons. It was explained in the previous 

section: with the increase of LED, the solidification time can be extended. In the process of SLM, not 

only the spreading of the liquid metal was improved, but also the balling phenomenon became weak. 
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For these reasons, both the size and the number of large pores decrease with the increase of LED. Gas 

pores can be created by two types of gases that existed during the SLM process. One is trapped within 

the molten pool, the other is from the powder during consolidation [20]. During the SLM process, 

turbulent flow is formed in molten pools with strong gas rolling due to a high energy density [18]. To a 

certain extent, the increase of the LED might lead the dynamics of Marangoni which affects the increase 

of the possibility of pores formed in the solidified molten pools [22]. However, it can also promote the 

ability of gas to roll and escape from the molten pools, which can reduce the pores and increase the 

densification at a high level [13]. As displayed in Figure 3.10 (f), it can be also proved that the internal 

porosity of the samples would decrease with the increase of LED. Additionally, the reduction of the 

porosity rate is the largest when the LED increases from 150 J/m to 240 J/m. With increasing the LED 

from 240 J/m to 300 J/m, the porosity decreases significantly until lower than 1%. A further increase in 

LED can result in the evaporation and burning of elements, which causes the formation of a few pores 

[23]. Thence, the internal porosity rate of E420 and E540 samples is approximative, while it’s still lower 

than 1%. The internal manufacturing defects at low LED are irregular pores but near-circular pores at 

high LED. Under the suitable LED, no cracks can be observed and the porosity is lower than 1%, which 

improve significantly the properties of the SLMed parts. 

3.3.3 Evolution of the microstructures 

The internal microstructure of the soft magnetic alloy is quite significant for its properties, 

especially its magnetic properties. The microstructure of the alloy produced by SLM is not only affected 

by its material composition but also strongly related to the parameters during the SLM fabrication 

process. The defects of the SLMed products can be generally divided into porosity and cracks, which 

have been described in the previous analysis of porosity. However, in a further OM observation of 

etching samples, it can be found clearly that un-melted particles (as indicated by yellow arrows) were 

also one of the defects in the SLMed samples [24] because unmelted powders are usually spherical 

shapes and in dendritic phases. After etching, the corresponding microstructures of the XY plane of 

SLMed Fe-3wt.%Si alloys are presented in Figure 3.12. It is identified clearly that there are un-melted 

particles in E150 and E210 samples at low LED. Some obvious cavities (as indicated by white arrows) 

are found around these un-melted particles, resulting in a microstructural discontinuity. As discussed, 

the LED plays a significant role in determining the amount and magnitude of such un-melted particles 

[14, 25]. Unmelted particles come from a lack of fusion, that’s to say the input energy was not enough 

to melt the whole powders, which led to an unstable molten pool. A lack of fusion presents large cavities 

around un-melted particles, which is due to the poor bonding between the molten pools or laser tracks 

[26, 27]. Although a few pores can be observed in the sample E300, neither un-melted particles can be 

found, nor in other samples (E420, E540). It can be indicated that all powder particles can be almost 

melted completely when the LED exceeds 300 J/m. 
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Figure 3.12 OM images (XY plane) of the SLMed parts at different LED and 3D physical model of the 

samples: (a) 150 J/m, (b) 210 J/m, (c) 300 J/m, (d) 420 J/m, (e) 540 J/m, (f) 3D physical model of the 

samples 

Moreover, a few equiaxed regions (as indicated by orange circles and arrows) are found besides 

some regions of dendritic grains in the samples E150 and E210 at low LED, while no regions of coarser, 

elongated grains (as indicated by white circles and arrows) were identified clearly. However, when the 

LED was 300 J/m, in the sample E300, the microstructure consists of mainly equiaxed grains and coarser 

grains. With the increase of LED, the grain boundaries on the surface are visible and appear significantly. 

Furthermore, the microstructures are more homogeneous and regular. The regions of equiaxed grains 

and coarser elongated grains are observed clearly in the samples E420 and E540 with high LED. By 

comparing samples E150 and E300, it could be noticed that increasing the LED promotes columnar 

grain formation. These phenomena also occurred when the LED is increased from 400 W to 1000 W in 

the literature [28]. According to the report of Michele Garibaldi [29], when the LED was doubled, the 

increasing dependency of morphological and crystallographic texture on SLMed parts could be noted 

remarkably. Therefore, the correlation between LED and grain formation could be explained by the 

increasing amount of partial re-melting and the enhancing smoothness of the deposited layers. 

Unfortunately, due to the Marangoni effects and over burning, some black particles also appear in 

samples E420 and E540. 

Similarly, the OM micrographs in Figure 3.13 provide insights into the microstructural features of 

corresponding samples at different LEDs for the XZ plane (the microstructures for the XZ plane of the 

samples were also found for the YZ plane, and are therefore not shown here). Their regular pattern of 

structural evolution was found equivalent to the XY plane of previously analyzed. With the increase of 

LED, the microstructures of specimens become denser, and the boundaries of grains clearer and easier 

to be recognized. When E≥300 J/m, the obvious and overall columnar structures oriented along the 

building direction are identified clearly in the corresponding samples. According to the fundamentals of 

solidification, a grain selection process in which grains whose “easy growth” directions (the <001> 

family for the bcc system) are oriented along the direction of solidification [29, 30]. For this reason, it 

is concluded that the epitaxial growth of the grains accrued at high LED. 
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Figure 3.13 OM images of the microstructures (XZ plane) the SLMed specimens and 3D physical 

model of the samples: (a) 150 J/m, (b) 210 J/m, (c) 300 J/m, (d) 420 J/m, (e) 540 J/m, (f) 3D physical 

model of the samples 

Furthermore, it is observed that fine structures usually appear in the areas between the coarse 

columnar structures. Moreover, the proportion of coarse columnar structures is the largest when E=500 

J/m. Those microstructures of the XZ plane could correspond to those of the XY plane, i.e. the regions 

of fine equiaxed structures corresponded to the equiaxed regions on the XY plane, while the coarse 

columnar structures corresponded to the coarse elongated grains. It is known that two main stages are 

divided into the metal solidification process, that is, crystal nucleation and growth. A certain degree of 

undercooling is required for nucleation. Increasing the undercooling has a great effect on the nucleation 

rate and growth rate [30]. Meanwhile, combining the theory of metal solidification under the laser energy 

source reported by Liu et al. [31], during the SLM process, the powders were fused into liquid after 

heating by laser, then the equiaxed solidification was accrued firstly at some degree of undercooling. 

Then, the number of grains remains constant. The solidification proceeded firstly via the lengthening of 

dendrites. Lower LED led to a lower temperature in the molten pool which resulted in unmelted particles 

and insufficient nucleation, thus the dendritic phase or equiaxed grains were obtained. The LED was 

increased, which induced a complete melt of the powder in the molten layer. The undercooling was also 

increased. Then, the new nucleation was almost formed, therefore the initially equiaxed grains could 

still grow further. Finally, dendritic crystals were filled with liquid metal. Therefore, coarse columnar 

structures could be observed obviously in the SLMed Fe-3wt.%Si alloys, instead of dendritic crystals. 

Besides, with a further increase in LED, a higher temperature in the molten pool was obtained. The 

movement of the atomic was also enhanced, which contributes to the further growth of the crystal. In 

the same situation, the formation of columnar structures was also further promoted. These result in 

columnar structures when the LED reached 300 J/m, and a gradual increase in size and number of 

columnar structures corresponding to the samples E420 and E540. 

The representative SEM graphics of the side view XZ plane are presented in Figure 3.14. The 

unmelted particles with a dendritic phase and the columnar structures are observed clearly, which further 

proves that the LED was impacted significantly on the microstructures as mentioned previously. 

Unfortunately, the feature of the molten pools cannot be distinguished clearly in this situation. The XZ 

planes of samples E300 and E540 are further enlarged to observe the section features of molten pools 

and columnar structures, and the results are shown in Figure 3.15. It can be observed the boundaries of 
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some molten pools (as indicated by orange dotted lines) and the existing columnar grains grow across 

multiple molten pools. The molten pools are relatively wide and deep at high LED, which is one of the 

reasons for increasing the amount of coarse columnar structures. 

 

Figure 3.14 SEM images of the microstructures (XZ plane) of the SLMed specimens and 3D physical 

model of the samples (a-e): (a) E150, (b) E210, (c) E300, (d) E420, (e) E540; (f) The 3D physical 

model of the samples 

 

Figure 3.15 SEM images of the high magnification for representative microstructures (XZ plane) at 

different LEDs: (a) 300 J/m, (b) 540 J/m 

To further specify the chemical composition of the SLMed parts, the results of EDS analysis are 

illustrated in Figure 3.16. It can be detected the content of Si was about 3wt% in the SLMed specimens. 

This is consistent with the EDS results of pre-alloyed powder before manufacturing. It indicates that no 

obvious elements were burned loss during the SLM process. Furthermore, the EDS line scan was carried 

out and the results are also shown in Figure 3.16. No obvious evidence for the occurrence of rich in Fe 

or poor in Si is detected by the element distribution line at grain boundaries. 
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Figure 3.16 The results of EDS for the SLMed samples 

3.3.4 Evolution of microhardness 

The microhardness of SLMed samples is significantly related to their internal microstructure. The 

results of the microhardness measurement (XY and XZ planes) for SLMed Fe-3wt.%Si alloys under 

different laser energy densities are shown in the histogram in Figure 3.17. In both XY and XZ planes, 

the microhardness value of each sample is higher than 200 HV0.1. As a result of the inhomogeneous 

distribution of defects, the hardness of XY and XZ planes is slightly different. The microhardness value 

of the sample E150 is the lowest. It is associated with the maximum number of un-melted particles and 

the highest porosity rate. The augmentation of the microhardness value of the corresponding samples is 

also related to the reduction of the porosity rate. Due to the largest reduction of porosity rate between 

the sample E150 and E210, the increasing extent of microhardness is also the largest. Then, the 

increasing extent of microhardness between the sample E150 and E210 is significant, although the 

microhardness changes slightly when the LED increases from 300 J/m to 420 J/m. It should be noted 

the decrease of microhardness value when E=420 J/m up to E=540 J/m. According to the previous 

analysis, the porosity rate of samples E420 and E540 was almost similar. Besides, the over burning 

phenomenon and Marangoni effects appeared in sample E540, which leads to a decrease in 

microhardness value [27, 32]. 
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Figure 3.17 Microhardness of the SLM parts prepared at the different LED 

3.4 Study of magnetic properties 

3.4.1 Coercivity 

Coercivity (Hc) is an important criterion for determining whether a ferromagnetic material is soft 

or hard. One of the goals in the preparation of soft magnetic material is keeping coercivity at a minimum 

level. The variation of coercivity of the SLMed Fe-3wt.%Si samples is displayed in Figure 3.18 as a 

function of LED. Although the fluctuation of coercivity between different samples is not very strong. It 

could still be found that Hc decreases with increasing the LED when the LED is lower than 300 J/m. On 

the contrary, both Hc show an increase when the LED increases from 300 J/m to 420 J/m and 500 J/m. 

Theoretically, the coercivity of material is usually related to the microstructural characteristics, including 

the defects; the shape, size, and dispersion degree of the grains, and lattice distortion. Internal stress also 

strongly impacts coercivity with a negative relationship. In fact, due to the irreversible movement of 

domain walls is responsible for the coercive force, manufacturing defects, such as porosity, cracks, and 

impurities, represent pinning sites obstructing the movement of the magnetic domain walls under the 

external magnetic field effect, increasing coercivity [33, 34]. Additionally, the coercivity is inversely 

proportional to grain size for polycrystalline magnetic materials with grain sizes above 150 nm following 

the 1/D law [35, 36]. Hence, a relatively higher value of Hc for the samples E150 could be attributed to 

the structural defects, including a relatively higher porosity rate and more un-melted particles. The 

reduction of Hc for SLMed Fe-3wt.%Si samples when E=150 J/m up to E=300 J/m could be related to 

the reduction of porosity rate and the homogenous evolution of microstructure. Nevertheless, the 

increase of Hc when E=300 J/m up to E=540 J/m could be associated with higher internal stress. 

According to the report of Garibaldi et al., for high-silicon steel (Fe-6.9%wt.Si) parts processed using 

the SLM technique, the results show that the crack formation is promoted in the samples obtained with 

laser energy inputs ≥ 420 J/m. They indicated that the formation of cracks can be attributed to the thermal 

stresses induced during the SLM process. Besides, it is known that the internal stress of the SLM samples 

using high LED is higher than that of using low LED from the literature [37]. Thus, it could be indicated 

that while both grains coarsen and internal stress increase could contribute to the magnetic behavior of 

the samples, the internal stress became the principal obstruction in a magnetic field when the LED is 

higher than 300 J/m. 
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Figure 3.18 The value of coercivity changes as a function of laser energy density for SLMed Fe-3wt.% 

Si samples 

3.4.2 Saturation magnetization 

The saturation magnetization of the material corresponds to the limiting case that all atomic 

moments take the allowed angular position nearest to the field. The saturation magnetization is also a 

prominent structure-insensitive property [1, 34]. The hysteresis curves of the SLMed samples are 

depicted in Figure 3.19, the right set shows the enlargement part in the low magnetic field region. It can 

be found that the differences of the saturation magnetization (Ms), the small differences of the hysteresis 

might be related to the composition fluctuations since the Ms is determined by the composition, atomic-

level structures, and the amount of each phase. The evolution of Ms of the SLMed samples is given in 

Figure 3.20. With the increase of LED, Ms increases at first, reaching a maximum value of about 220 

emu/g when the LED is 300 J/m, and then decreases gradually. It is well known that the crystal 

eventually reaches saturation magnetization when all spins have rotated into the field direction [1]. A 

relatively high porosity rate can lead to a relatively low saturation magnetization. So, the increase of Ms 

when E=150 J/m up to E=300 J/m owing to the reduction of porosity. With the increase of temperature 

in the molten pool at E>300 J/m, the ability of atom activity was promoted. The reduction of Ms is also 

related to the nearest-neighbor configuration of Fe atoms through their substitution by non-magnetic Si 

atoms, leading to the reduction of the magnetic moment per atom [38]. It can be reasonably indicated 

that the magnetic properties of coercivity and saturation magnetization of SLMed Fe-3wt.%Si alloy 

strongly depend on the parameters such as the number of defects, grain size and internal stress, etc. 
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Figure 3.19 Hysteresis loops of the initial powder and SLMed samples, the right set shows the 

enlargement part in the low magnetic field region 

 

Figure 3.20 The value of saturation magnetization changes as a function of laser energy density for 

SLMed Fe-3wt.% Si samples 

In this section, the investigation of the magnetic properties was mainly focused on coercivity and 

saturation magnetization. The saturation magnetization value (222.4 emu/g) of the prepared samples is 

higher than that of SLMed FeSiB parts (199 emu/g) reported by Alleg et al.[38], and the lowest 

coercivity of the samples is 41.05 Oe which is slightly lower than the value (43.8 Oe) in the same report 

[38]. It indicates that the SLMed parts in this work exhibit better soft magnetic properties. The coercivity 

of the samples in this work is higher than the result (27 Oe) of the report [39], but the saturation 

magnetization is better than their result (91.8 emu/g). Although the comprehensive magnetic properties 

are still not excellent to commercial requirements, the cracks do not exist on SLMed parts of this work, 

and certain results are better than those reported in some related studies. 

3.5 Summary 

In this chapter, a series of Fe-3wt.%Si alloys were successfully prepared by SLM technology using 

pre-alloyed powder from different SLM parameters. According to the results of the preliminary selection 

of the SLM process, it can be known that LED is a comprehensive factor affecting the porosity. Then, 
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the impact of LED on the surface morphology, surface roughness, microstructure of the selective laser 

melted Fe-3wt.%Si alloy was analyzed and described in detail. Summary conclusions are obtained from 

this chapter as follows: 

(1) The surface morphology of the corresponding SLM Fe-3wt.%Si alloy is improved by higher 

LED, which results in a low value of surface roughness. The decrease of the porosity rate of 

corresponding specimens is related to the increase of LED. 

(2) The cross-sectional microstructure of SLM Fe-3wt.%Si parts is a typical columnar structure 

with an oriented growth of building direction. The columnar structure at high LED is coarser 

than that at low LED. 

(3) The microhardness value of each SLM part is higher than 200 HV0.1. The microhardness value 

of the corresponding samples when LED lower than 420 J/m increases accordingly. However, 

it is decreased when LED=420 J/m up to LED=540 J/m due to the almost similar porosity, the 

burning phenomenon, and Marangoni effects in sample E540. 

(4) The coercivity of SLM specimens decreases first and then increases with the increase of LED, 

while the evolution of saturation magnetization and LED is opposite. The specimen with a 

LED at 300 J/m exhibits better comprehensive magnetic properties than other specimens. It 

can be concluded that the magnetic properties of coercivity and saturation magnetization of 

Fe-3wt.%Si alloy produced by SLM are affected by the LED, which can be attributed to the 

parameters such as the number of defects, grain size, etc. 

This chapter demonstrated that the LED has an obvious influence on the surface morphology and 

microstructure of the SLMed Fe-3wt.%Si alloy. It can be concluded that the surface morphology and 

the microstructure are improved by using higher energy input. It also exhibited the potential possibility 

of three-dimensional Fe-Si soft magnetic alloys manufactured by SLM technology. 
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Chapter 4 Investigation on microstructures, properties, and 

heat treatment of SLMed Fe-3wt.%Si soft magnet 

4.1 Introduction 

Originating from their intrinsic anisotropy, crystalline materials could exhibit directionally 

dependent physical and mechanical properties, if a preferred crystallographic orientation exists within 

the grain structure, forming a crystallographic texture [1, 2]. The properties such as the magnetic 

properties of the material are abnormal in the specific texture direction. The texture is one of the most 

important parameters determining the magnetic properties of silicon steels [3]. In ferromagnetic 

materials, the anisotropy in magnetic susceptibility can be controlled by aligning the grains under a 

moderate magnetic field during high-temperature annealing, sintering, or solidification [4, 5]. Due to 

the laser-induced directional cooling/solidification and the layer-by-layer nature in the SLM process, it 

is customary to create a strong texture on the SLMed parts [6]. For example, Zou et al. [4] controlled 

the grain orientations of the SLMed permalloy-80 alloys via titled one or two rotational angles to the 

substrate to achieve improved magnetic properties in the build directions during laser powder bed 

processing. For different materials, different scanning strategies and construction directions, the 

produced textures in the SLM process are also diverse [7, 8]. It is necessary to study the crystallographic 

texture and oriented magnetic properties of SLM-produced alloys. Except for the magnetic properties, 

mechanical performance is a quite significant indicator of magnetic alloy applied in various industrial 

applications. Especially when silicon steels are used in high-speed motors, in addition to the 

requirements of magnetic properties, mechanical performance, such as high strength is also required [9-

11]. The current researches have few detailed reports on the mechanical properties of SLMed Fe-Si 

alloys. 

In general, cause of the complex thermal history of the SLM process, thermal stress is unavoidable 

in the samples [12]. Post-treatment is one of the crucial steps for improving microstructures and 

magnetic properties of the SLMed magnetic materials. The influence of post-treatment on 

microstructures and magnetic properties should be systematically and thoroughly studied [13]. There 

are also some reports on this field in the existing literature, most of which focus on the improvement of 

partial magnetic properties by heat treatment. There is still a lack of detailed descriptions of the evolution 

in the microstructure and the overall impact of magnetic properties [14-16]. Generally, any form of 

mechanical deformation will result in a deterioration of the magnetic properties of soft iron for 

electromagnet applications. The internal stresses produced by cold working can be removed by 

annealing at temperatures between 725 °C and 900 °C, provided the material does not suffer oxidation 

during annealing, which would also result in impaired magnetic properties [17]. 

This chapter focused on the crystalline texture and oriented magnetic properties of the SLMed Fe-

3wt.%Si alloy firstly, summarized the relationship between the texture and magnetic characteristics, and 

carried on the theoretical elaboration. And then, the mechanical performances including microhardness, 

tensile properties were evaluated. Besides, considering the aforementioned situation, it appears that a 

systematic study simultaneously considering the effects of the manufacturing parameters and post-heat 

treatments on the overall microstructures and magnetic properties is lacking; therefore, this chapter also 

evaluated the effect of heat treatment on the microstructures and magnetic properties of SLM-processed 

Fe-3wt.%Si alloy samples. Combine with the annealing times and temperatures fall within the range of 

conventional processing and previous studies on Fe-Si alloys [14, 18-22], the SLMed Fe-3wt.%Si parts 

were annealed at 750 °C, 850 °C, 1000 °C for 3 h, and 1000 °C for 1 h, 3 h in argon protective atmosphere, 

respectively. 
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4.2 Experimental details 

In this chapter, the Fe-3wt.%Si soft magnet samples were fabricated via SLM technology according 

to previously optimized parameters. According to the results in Chapter 3, among the Fe-3wt.%Si 

samples manufactured with different linear energy densities (LEDs), when the linear energy density was 

300J/m, the specimen with a LED at 300 J/m exhibited better comprehensive magnetic properties than 

other specimens. The pores were still presented in the sample, to further reduce the porosity, the LED 

was increased to 320 J/m. The detailed parameters are given in Table 4.1. Apart from cubic specimens 

with dimensions of 8 mm × 8 mm × 8 mm, 3 mm × 3 mm × 3 mm and the ring samples of height h=4 

mm, external diameter d1=26 mm, internal diameter d2= 18 mm were manufactured for microstructural 

observation and magnetic properties measurements respectively. As described in Figure 3.1 (a) and 

Figure 3.7 (b), the zigzag scanning pattern with a neighboring laser track rotation of 90 ° was utilized 

during the SLM process. To explore the effect of heat treatments on the microstructure and properties, 

the SLMed samples were annealed under different temperatures and different dwell times in the nitrogen 

atmosphere, the detailed conditions of the heat treatment are listed in Table 4.2. To simplify the 

discussion, the following nomenclature will be used. The parts printed by SLM before treatment in the 

as-built condition are referred to as ‘As-built’. The printed samples that were annealed at different 

temperatures (T) and which were kept constant at different times (t) are denoted by ‘AT T/t’ and a 

number representing the annealing temperature, which is listed in Table 4.2. 

Moreover, standard samples which were mentioned previously for the tensile test were also 

fabricated, a 3D model and a fabricated sample are shown in Figure 4.1. Optical microscopy (OM) and 

scanning electron microscopy (SEM) were used to characterize the microstructures. The phase 

composition was also performed by an X-Ray diffractometer. Texture and crystallographic orientations 

of SLMed specimens were observed by electron back-scattering diffraction (EBSD). The oriented 

magnetic properties of the SLMed samples were characterized by a vibrating sample magnetometer 

(VSM) at different field directions. The schematic diagram of VSM was shown in Figure 2.12. To 

evaluate the magnetic properties of samples in different directions, un sample is placed in the magnetic 

field, and the X, Y, Z directions are parallel to the external magnetic field direction respectively based 

on the building coordinate system which is presented in Figure 3.1. The detailed mechanical tests were 

adopted as mentioned in chapter 2. The quasi-static magnetic properties for the as-built and annealed 

ring samples were measured by the method of DC magnetic property measurement, and the dynamic 

magnetic property of power losses was characterized in AC conditions, which were described in detail 

in Chapter 2. 

Table 4.1 The optimized linear energy density and SLM parameters 

P 

(W) 

t 

(μs) 

d 

(mm) 

Laser spot 

(μm) 

Layer thickness 

(μm) 

Hatch distance 

(μm) 

Linear energy 

density (J/m) 

80 120 30 35 30 60 320 

Table 4.2 Overview of the SLMed Fe-3wt.%Si samples and treated condition 

Named Annealed temperature (°C) Dwell time (h) Cooling Atmosphere 

AT750/3h 750 3 

Furnaced Ar 

AT850/3h 850 3 

AT1000/1h 1000 1 

AT1000/3h 1000 3 

AT1000/5h 1000 3 
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Figure 4.1 (a) 3D model, (b) an SLM fabricated sample for tensile test 

4.3 Microstructure and oriented magnetic properties analysis 

4.3.1 Porosity and microstructure analysis 

The OM images before etching of XY and XZ planes are shown in Figure 4.2 (a) and Figure 4.2 

(d) respectively, and the porosity is given in these pictures, which is lower than 0.5%. No cracks appear 

in the sample. It should be noted that the samples were processed with a 200 °C preheat, which had an 

evident impact on the magnitude of thermal stresses, hence crack-free samples were successfully 

produced. A few small circular pores appear in the sample, which can be attributed to the gas being 

trapped into the molten pool during the solidification in the SLM process. 

 

Figure 4.2 OM images of the SLMed samples (a-c) XY plane, (d-f) XZ plane 

According to an estimate, the focused laser spot diameter in this study is 35 μm. The formations in 

Figure 4.2 (b) that correspond to the structure in the scanning plane have a diameter of about 30-70 μm. 

This size is in good agreement with the laser spot diameter though it is marginally larger due to the 

presence of the heat-affected zone around the laser passing track [15]. As represented in the magnified 

OM image, Figure 4.2 (c) shows an inhomogeneous structure in the XY plane. In the XZ plane, as 

displayed in Figure 4.2 (e) and Figure 4.2 (f), the microstructure of the SLMed parts is a typical columnar 

structure with an oriented growth of building direction. 

The grain structure of the selected Fe-3wt.%Si specimen is shown in Figure 4.3 from electron 

backscatter diffraction (EBSD) data. Crystallographic structure analysis shows that the molten alloy 

crystallizes erratically with a few fine grains and coarser grains having different sizes in the surface (XY) 

plane. The size of finer grains is concentrated on several micrometers, and the size of coarser grains is 

about 20 to 30 μm. As a result, it can be known that the average grain size is about 14.6 μm. Moreover, 
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in the cross-section (XZ) plane, the alloy crystallizes erratically with the formation of elongated grains 

along the building direction and with the size from several micrometers up to twenties micrometers, the 

average grain size is about 12.77 μm. The XRD pattern is given in Figure 4.4 (a), only peaks related to 

the Bcc-Fe phase were observed in the samples. The analysis of phase composition from EBSD in Figure 

4.4 (b) also confirmed that the Fe-3wt.%Si alloy is a one-phase alloy. 

 

Figure 4.3 The EBSD maps of grain structure and average grain size of SLMed Fe-3wt.%Si specimen 

in different planes (a-c) XY plane, (d-f) XZ plane 

 

Figure 4.4 (a) XRD pattern, (b) phase composition from EBSD 

4.3.2 Study of magnetic anisotropy and crystallographic texture 

The hysteresis loops of SLM produced sample along three different directions X, Y and Z (build 

direction) are shown in Figure 4.5. The three curves are almost coincident, which illustrates no 

anisotropic magnetic properties in different measured directions. Figure 4.6 (a), (b), and (c) are the 

magnetization curves in different measured directions and their enlarged-view graphs of low magnetic 

field region, from which can get the values of corresponding magnetic properties. The average values 

of coercivity (Hc), magnetization saturation (Ms), and residual magnetization (Mr) of SLM-produced Fe-

3wt.%Si alloy at different measured directions are summarized in Table 4.3. Meanwhile, the ratios 

between Ms and Mr, which presents the soft magnetic properties, were also calculated and shown as S 

in Table 4.3. It can be observed that the average values of each magnetic property are almost similar, 

which further confirm that the sample has isotropy magnetic properties at different three measured 

directions. The value of S is only about 0.81, indicating the SLMed Fe-3wt.%Si alloy has good soft 

magnetic properties. 
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Figure 4.5 The hysteresis loops of SLM produced sample along with three directions of measurements 

 

Figure 4.6 The magnetization curves in different measured directions and their enlarged-view graphs 

of low magnetic field 

Table 4.3 The average values of magnetic properties of SLM produced Fe-3wt.%Si alloy at different 

measured directions 

Directions X Y Z 

Hc (Oe) 40.7 ± 0.3 40.6 ± 0.2 40.6 ± 0.2 

Ms (emu/g) 222.8 ± 0.5 223.4 ± 0.6 223.8 ± 0.6 

Mr (emu/g) 1.87 ± 0.04 1.86 ± 0.03 1.81 ± 0.04 

S (%) 0.84 ± 0.02 0.83 ± 0.02 0.81 ± 0.02 

In general, during the SLM process, the surroundings, for example, the thermal conductivity of 

powder and solidified material near the molten pool, affect the temperature gradient significantly. 

Therefore, the heat conduction in the building direction is higher than that of spatial directions. It causes 

anisotropy in both microstructure and mechanical/physical properties [23]. The magnetic properties of 

SLMed Fe-3wt.%Si show isotropy in three different measurement directions, which is related to its 

microstructure, especially its crystal structure and texture. 

EBSD data analysis shows a crystallographic texture in the grains of SLMed Fe-3wt.%Si alloy. 

Figure 4.7 shows the pole figures (PF) of two different planes. The sample mainly presents a {100}<001> 

cubic texture, i.e. a <001> texture along the BD, which is consistent with the morphological orientation 

of the columnar grains. The EBSD maps and IPFs for two different planes in Figure 4.8 provide an 

overview of the correlation between grain morphology and their <001> texture, both along the BD. It is 

noteworthy that the nature of the specific alloy in this study promotes texture formation, also the high 

cooling rate and silicon content suppresses γ-phase formation from the phase diagram thus leaving no 

secondary phase to hinder ferritic grain development. The rapid solidification (103–106 K/s) in the SLM 

process resulted in this crystal texture. In addition to the high cooling rate, the direction of solidification 
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also plays an important role in the grain structure development during the SLM process. The vertical 

manufacturing direction from bottom to top makes the solidification preferred to form along the building 

direction. In cubic metals (such as the Bcc structure of Fe-Si), dendrite growth occurs most rapidly in 

the <100> type crystallographic directions. According to the report of literature [24], the dendrite growth 

direction relative to the applied thermal gradient has a significant impact on the local undercooling and 

nucleation of misoriented grains. During the SLM process, partial remelting of the grains whose 

crystallographic directions of “easy growth” (the <001> family in Bcc systems) orient along the BD 

provides a substrate for the next processed layer to solidify epitaxially [25]. In the Fe-3wt.%Si alloy, 

these also correspond to the easy magnetization directions. 

 

Figure 4.7 The pole figures (PF) of two different planes (a) XY plane, (b) XZ plane 

Besides, a few grains with other orientations are also identified from the EBSD maps (Figure 4.8). 

During the building process, a series of certain or uncertain phenomena including powder spatter, 

melting/re-melting, selective elemental evaporation, and solidification might occur simultaneously 

when the powder is irradiated by the laser beam. Moreover, since heat transfer will also occur from the 

sides of the part being built and not just through the bottom via the substrate, columnar grains do not 

necessarily grow along the building direction [26]. These might appear in other textures. 
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Figure 4.8 EBSD maps and IPFs (a) XY plane, (b) XZ plane 

The magnetic anisotropy (Fk) of a cubic system could be written below [27]: 

 𝐹𝑘 = 𝐾0𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

1) + 𝐾2𝛼1
2𝛼2

2𝛼3
2 + ⋯ Equation 4.1 

where α1, α2, α3 represent the direction cosines of magnetization, K1, K2 are the anisotropy constants, 

while K0 is independent with the orientation. For Bcc-Iron, K1 is about 4.8 × 104 J/m3 (4.8 × 103 erg/cm3) 

and K2 is -1× 104 at room temperature [28]. The positive value of K1 indicates the [100] axis is the easy 

magnetic axis. Besides, it can be confirmed from the magnetization curves of a single Bcc-iron crystal 

shown in Figure 4.9. In addition to the [100] axis, [111] is the hard axis, i.e. [100] is the easy 

magnetization direction, [111] is the hard magnetization direction. 

As shown in Figure 4.10, in cubic crystal, it is well known that the <100> families include [100], 

[001] and [010] [29]. As mentioned previously, the SLM-produced Fe-3wt.%Si samples exhibit a strong 

<001> texture along the building direction. Due to the strong texture, when a magnetic field was applied 

to the sample, the motion of the domain walls is easier to rotate along the [001] axis. It can increase the 

“softness” of the material by decreasing its coercivity field level [30]. Thus, strong <001> texture along 

the building direction is beneficial significantly for the soft magnetic properties. Based on Figure 4.10 

(a) and Figure 4.10 (b), for SLM produced Fe-3wt.%Si alloy with {100}<001> cubic texture in this 

study, in the construction coordinate system, the three directions of X, Y, and Z are actually contained 

in the axis that is easy to be magnetized. Therefore, the SLM-produced Fe-3wt.%Si alloy exhibits 

isotropy soft magnetic properties in these three directions. 
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Figure 4.9 The magnetization curves of the single Bcc-iron crystal [28] 

 

Figure 4.10 (a) A simple cubic crystal structure, (b) A simple schematic diagram of SLMed part with 

cubic texture 

4.4 Mechanical properties 

4.4.1 Microhardness and tensile properties 

The Vickers microhardness of the SLMed sample in different measured planes is presented in 

Figure 4.11. Both average values of measurement microhardness are similar, which is about 235 HV0.1. 
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Figure 4.11 Vickers microhardness of SLMed sample 

Figure 4.12 shows the stress-strain curve of the SLMed Fe-3wt.%Si alloy. The statistical 

mechanical properties data including ultimate tensile strength (UTS), yield strength (YS), and 

elongation at break (EL) are listed in Table 4.4. Due to the low microhardness, the elongation of the 

specimen reaches 8.8% ± 0.3%, and the UTS and YS are 562 ± 5.1 MPa, 445± 5.3 MPa, respectively. 

SEM photographs of the fracture morphologies of the Fe-3wt.%Si sample are displayed in Figure 4.13, 

to further investigate and understand the fracture mechanisms of the SLMed Fe-3wt.%Si alloy. In Figure 

4.13 (a). it can be observed “necking” phenomenon in the SLMed specimen, which can suggest that the 

SLMed Fe-3wt.%Si alloy exhibit plasticity. As represented in Figure 4.13 (b), large and deep dimples 

generated due to plastic deformation were observed on the fracture surface of the SLMed sample at the 

enlarged region, indicating a ductile rupture mechanism [31]. Meanwhile, granular fracture with shallow 

dimples was identified on the fracture surface at some highly deformed regions. Hence, it can be 

considered a mixed-mode of ductile and brittle failure is the main rupture mechanism for SLMed Fe-

3wt.%Si alloy. 

 

Figure 4.12 Tensile stress-strain curves for SLMed Fe-3wt.%Si part 

Table 4.4 The statistical mechanical properties of SLMed Fe-3wt.%Si alloy 

Sample UTS (MPa) YS (MPa) EL(%) 

SLMed Fe-3wt.%Si 562 ± 5.1 445± 5.3 8.8 ± 0.3 
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Figure 4.13 Fracture morphologies of the SLMed Fe-3wt.%Si part observed by SEM 

4.5 Effect of heat treatment on the microstructures and magnetic properties 

4.5.1 Microstructural evolution after heat treatment 

For the as-built specimen, the SEM images of the XZ plane are depicted in Figure 4.14 (a) and 

Figure 4.14 (b), the typical microstructural features induced by SLM such as molten pool boundaries 

and cells could be observed. Although the boundaries of the molten pool are not significantly clear, they 

are still recognizable. The SEM images of the XZ plane for the heat-treated samples AT750/3h and 

AT850/3h are illustrated in Figure 4.14 (c-f). Through the comparison of the as-built samples, it can be 

noted that no grain growth occurred after annealing at 750 °C for 3 h, neither did the grains show any 

significant growth during the annealing at 850 °C for 3 h. The grain size in the vertical plane of the 

sample remains almost at the level of the as-built sample, which suggests that annealing the samples at 

750 °C and 850 °C for 3 h does not affect the grain size, but the molten pool boundaries which have 

disappeared. The observed lack of grain enlargement agrees with the results previously reported in [19] 

for the SLMed high-Si steel annealed at 700 °C and 900 °C for 1 h. In this case, recrystallization and 

growth of equiaxial grains which is typical of annealing traditional deformed metals do not occur [19]. 

As represented in Figure 4.15, when the annealing temperature reached 1000 °C, although the dwell 

time was 1 h, the SEM graphs of the XZ plane still show that in addition to the disappearance of the 

molten pool boundaries, a low amount of grain grew to a large size. Annealing conducted at 1000 °C for 

3 h, caused a marked grain growth as shown in Figure 4.15 (e) and Figure 4.15 (f). As the dwell time 

increased to 5h, through the comparison of the AT1000/3h sample, the grains almost did not grow further 

significantly. Similarly, nos distinct microstructural differences are noted after annealing in this case. 

Nevertheless, as shown in Figure 4.16, after the heat treatment even at 1000 °C for 3 h, in addition to 

the grain growth, the grain size of no homogeneity is still observed. 
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Figure 4.14 Microstructure of the SLMed Fe-3wt.%Si samples observed via SEM after etching: (a-b) 

SLMed as-built sample, (c-d) SLMed AT750/3h sample, (e-f) SLMed AT850/3h sample 
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Figure 4.15 Microstructure of the SLMed Fe-3wt.%Si samples observed via SEM after etching: (a-b) 

SLMed as-built sample, (c-d) SLMed AT1000/1h sample, (e-f) SLMed AT1000/3h sample, (g-h) 

SLMed AT1000/5h sample 

 

Figure 4.16 Microstructure of XY plane for SLMed Fe-3wt.%Si sample (a) as-built, (b) AT1000/3h  

To further investigate the effect of annealing on the microstructures of SLMed Fe-3wt.%Si alloy, 

the XZ planes are observed at higher magnification. The solidification structures associated with the 
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micro-segregation, especially at the molten pool boundaries are clearly visible in the as-built 

microstructure of Figure 4.17 and Figure 4.18 displayed as small gray dots (as marked by orange arrows 

in Figure 4.18 (a-b)). The results of EDS in Figure 4.17 and Table 4.5 indicated that the micro-

segregation is the micro-segregation of Si, since the silicon content of the small gray dots is higher than 

that of other regions without gray dots, resulting in a fine structure overlaying ferritic grains [19]. Figure 

4.18 (c-f) presents the microstructure after annealing at 750 °C for 3 h and 850 °C for 3 h, it is worth 

noting the micro-segregation of Si is partly dissolved and appears discontinuous. It is believed that at 

those temperatures the diffusion rate is just sufficient to bring Si segregations into solid solution. But 

upon slow furnace cooling, some of the silicon segregated again, resulting in a discontinuous structure. 

The samples after heat treating at 1000 °C for 1 h, 3 h, and 5 h, no small gray dots are found in these 

SEM images of the XZ plane (Figure 4.19 (c-h)), suggesting the SLM induced structure have been 

dissolved completely, i.e., the micro-segregation of Si segregations entered solid solution. In this 

condition, grains grew and diffusion preceded so fast, that no segregations occurred again even after 

slow furnace cooling, silicon was kept in solid solution and the resulting in homogenous microstructure 

[14, 32]. As displayed in Figure 4.20 and Figure 4.21, the texture of the SLMed Fe-3wt.%Si magnet 

after annealing at 1000 °C for 3 h is the same as that as-built sample (as indicated in Figure 4.7 and 

Figure 4.8), <001> is still along the BD. This is beneficial to improve the magnetic properties after heat 

treatment. 

 

Figure 4.17 (a) SEM image of microstructure after etching, (b) EDS analysis of the SLMed Fe-

3wt.%Si as-built sample 

Table 4.5 Chemical composition in the five points under exam 

Point 1 2 3 4 

Fe (wt%) 95.23 95.31 97.10 97.22 

Si (wt%) 4.77 4.69 2.90 2.78 
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Figure 4.18 Microstructure under the high magnification of the SLMed Fe-3wt.%Si specimens 

observed via SEM after etching: (a-b) SLMed as-built specimen, (c-d) SLMed AT750/3hspecimen, (e-

f) SLMed AT850/3h specimen 
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Figure 4.19 Microstructure under the magnification of the SLMed Fe-3wt.%Si specimens observed via 

SEM after etching: (a-b) SLMed as-built specimen, (c-d) SLMed AT1000/1h specimen, (e-f) SLMed 

AT1000/3h specimen, (g-h) SLMed AT1000/5h specimen 
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Figure 4.20 The pole figures (PF) after heat treatment of two different planes (a) XY plane, (b) XZ 

plane 

 

Figure 4.21 EBSD maps and IPFs after heat treatment (a) XY plane, (b) XZ plane  

Generally, the residual stresses appear in the as-built sample due to rapid solidification of the melted 

alloy after laser scanning, also due to the thermal influence of the hot points of the track on colder 
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regions of the alloy. It led to temperature gradients and different local stresses between laser tracks and 

manufacturing layers and within one track or layer [33, 34]. Since without significant cracks in the 

SLMed Fe-3wt.%Si samples, there are no obvious macro stresses in these parts. Additionally, it can be 

known the SLMed Fe-3wt.%Si is a one-phase alloy according to the XRD analysis, so there are no 

interphase stresses. Therefore, it is reasonably considered that the stresses in the SLMed Fe-3wt.%Si 

samples are principally caused by the uneven heat distribution and lattice distortion during the SLM 

process. These internal stresses together with the wide distribution of the grain size may result in lower 

magnetic properties. The annealing heat treatments of the SLMed parts were submitted to relieve 

internal stresses to improve magnetic properties. The XRD spectrogram in Figure 4.22 suggests that the 

microstructures of the SLM processed samples before and after heat-treatment are characterized by a 

single bcc-phase. It can be observed that the peaks shift to bigger angles for the heat-treated sample in 

comparison to the as-built one which indicates partial stress relaxation [15]. The reference XRD patterns 

for the atomized powder, which is assumed to be stress-free, are also shown and used as a reference. 

Moreover, it can be observed from the magnified view that the offset angles of AT750/3h, AT850/3h, 

and AT1000/1h samples are almost the same. The peaks of AT1000/3h shifted more than those three 

cases, and the peaks of the AT1000/5h sample shifted the most. It is inferred, that within the cases of 

this work, the stress can be further released with the increase of annealing temperature or the extension 

of annealing time. 

 

Figure 4.22 XRD analysis of SLMed Fe-3wt.%Si magnets 

4.5.2 Magnetic properties after heat treatment 

The measured DC hysteresis loops of the SLMed ring specimens with varying heat treatments are 

presented in Figure 4.23. In addition to the differences in these curves before and after heat treatment, 

the differences in the curves between the samples that were submitted to different heat treatment 

conditions can also be identified. The difference of hysteresis loops can be explained in terms of different 

metallurgical interacting conditions during laser melting such as grain size, defects, and crystallographic 

texture and their combinations [22]. The evolution of the quasi-static magnetic properties for the as-built 

and annealed ring samples based on these hysteresis loops are shown in Figure 4.24 and Figure 4.25. 

The detailed values of these magnetic properties are listed in Table 4.6. In Figure 4.24 (a), for the samples 

upon annealing at 750 °C for 3 h, 850 °C for 3 h, and 1000 °C for 1 h, the maximum relative permeability 

(μmax) of the SLMed ring samples increases slightly. This can be explained by the partial stress relief in 

these annealing cases. Between AT1000/1h and AT1000/3h, the maximum relative permeability 

suddenly increases significantly, and this is attributed to both stress relief and grain growth which has 

been shown in Figure 4.15 (e-f) to occur within this temperature range. It is well known that both stress 

relief and grain growth reduce the density of lattice defects, having a detrimental effect on the 
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permeability by acting as pinning sites for the magnetic domain walls and therefore hindering their 

motion [35, 36]. The value of μmax increases with increasing annealing temperature and dwell time from 

a value of approximately 1088 in the as-built condition to 2965 after annealing at 1000 °C for 5 h.Figure 

4.24 (b) demonstrates that heat treatment decreases coercivity (Hc). The decrease in coercivity is 

evidence of grain growth, as materials with larger grains tend to be easier to magnetize and demagnetize 

[37, 38]. As mentioned previously in the third chapter, in soft magnetic materials the coarser grain 

structure is beneficial to their magnetic properties. It can be explained due to higher concentration of 

grain boundaries for finer grain structure, which acts as pinning sites for the domain walls, and impedes 

their motion during the magnetization and demagnetization process. Due to the absence of a noticeable 

recrystallization process and a big number of grains boundaries that remain almost unchanged for the 

AT750/3h and AT850/3h parts while the partial stress relaxation still results in a comparatively lower 

coercivity as the as-built sample. Besides, when the annealing temperature was 1000 °C, with the 

increase in dwell time from 3 h to 5 h, the decrease in coercivity between AT1000/3h and AT1000/5h 

samples is slight. 

 

Figure 4.23 The evolution of measured DC hysteresis loops of the SLMed Fe-3wt.%Si ring specimens 

 

Figure 4.24 (a) The evolution of maximum relative permeability, and (b) the evolution of coercivity 

for SLMed Fe-3wt.%Si specimens before and after different annealed treatments  

The plots in Figure 4.25 (b) show that saturation magnetic induction (Bs) increases with annealing 

temperature and dwell time, from 1.46 T for the as-built sample to1.64 T after annealing at 1000 °C for 
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that the remanence (Br) increases with the increase in annealing temperature or dwell time. However, 

considering the increase of Bs, the increase of Br after annealing at 1000 °C for 5 h is acceptable. In fact, 

the probability of oxidation increases with the increase of annealing temperature or dwell time. It has 

been pointed out in the report [22] that oxides were found in SLMed Fe-6wt.%Si samples and they are 

comparatively small, generally <100 nm in diameter, which cannot be detected in XRD analysis or SEM 

observation results. The oxide particles that cannot be dissolved during annealing are insoluble and 

would be present during the grain growth process to act as pinning sites. Moreover, such defects would 

act as pinning sites as well and lead to lower magnetic properties by impeding magnetic domain motion 

to increase hysteresis loss, but also potentially by increasing electrical resistivity and reducing eddy 

current loss [39]. It can be also indicated that the appearance of these oxides will also damage the 

saturation magnetization Bs, but due to the existence of an external magnetic field in the magnetization 

process, the domain movement and magnetic moment rotation in the magnetization process can 

overcome this obstacle with greater potential. Hence, the saturation magnetization can be increased after 

annealing treatment, which is attributed to the grain growth. The considered applied field of 5000 A/m 

is strong enough to overcome most of the manufacturing-induced obstacles demagnetization for Fe-

6.9wt.%Si, which could be used to further support the above explanation [14]. However, due to the lack 

of external magnetic field during demagnetization, the domain movement and magnetic moment rotation 

are strongly hindered, so lower remanence cannot be obtained. Therefore, although oxide particles have 

not been found in the relevant analysis results of this work due to nano-scale, the appearance is still 

considered to explain the increase of Br. 

 

Figure 4.25 The evolution of saturation magnetic induction and remanence for SLMed Fe-3wt.%Si 

magnets before and after different annealed treatments 

The evolution of the power losses (P50-1) in dynamic conditions with excitation frequency f=50 Hz 
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significant grain growth upon annealing at 1000 °C for 3 h. The submitted annealing temperature-time 

combination of 1000 °C for 3 h reduces the hysteresis loss component without inducing extra dynamic 

loss. This agrees with the finding that at the same dynamic condition, the grain size of high silicon steels 

can grow to a coarser size without prompting significant loss associated with increased domain wall 

displacement speed [14, 40]. 

 

Figure 4.26 The evolution of the power losses in dynamic conditions of SLMed Fe-3wt.%Si magnets 

before and after different annealed treatments 

The detailed average values of the magnetic properties for SLMed Fe-3wt.%Si magnets before and 

after different annealed treatments are listed in Table 4.6. The evolution of the magnetic properties is 

consistent with that mentioned previously, after annealing at 750 °C,850 °C for 3 h, the μmax of SLMed 

Fe-3wt.%Si magnet has a slight increase. After annealing at 1000 °C for 1 h, theμmax of SLMed Fe-

3wt.%Si magnet is about 20% higher than that of before annealing. While after annealing at 1000 °C 

for 3 h, the μmax of SLMed Fe-3wt.%Si magnet increases from 1088 to 2965, i.e. the μmax of SLMed Fe-

3wt.%Si magnet after annealing is about 172.5% higher than that of before annealing. This is 

undoubtedly significant in promoting the pursuit of high permeability. The Hc of SLMed Fe-3wt.%Si 

magnet decreases from 146 A/m for the as-built sample to 100 A/m for AT1000/3h sample, i.e. the Hc 

of SLMed Fe-3wt.%Si magnet after annealing at 1000 °C for 3 h is about 31.5% lower than that of 

before annealing. Similarly, the P50-1 of SLMed Fe-3wt.%Si magnet decreases from 18.8 W/kg for the 

as-built sample to 13.7 W/kg for AT1000/3h sample, i.e. the P50-1 of SLMed Fe-3wt.%Si magnet after 

annealing at 1000 °C for 3 h is about 27.1% lower than that of before annealing. This is consistent with 

the goal of low coercivity and low power losses. Although Bs and Br showed an increasing trend, in 

general, the comprehensive magnetic properties of SLMed Fe-3wt.%Si magnet have been enhanced by 

post heat treatment with annealing at 1000 °C for 3 h. It can be attributed to both stress relief and grain 

growth. When the annealing temperature was 1000 °C, with the increase in dwell time from 3 h to 5 h, 

the change of magnetic properties between AT1000/3h and AT1000/5h samples is slight. From the 

economic point of view, annealing at 1000 °C for 3 h is a better choice than annealing at 1000 °C for 5 

h. 

Table 4.6 The detailed values of magnetic properties for SLMed Fe-3wt.%Si magnets before and after 

different annealed treatments 

SLMed parts μmax (×103) Hc (A/m) Bs (T) Br (T) P50-1 (W/kg) 

As-built 1.088 ± 0.02 146 ± 3.5 1.460 ± 0.035 0.375 ± 0.038 18.80 ± 0.37 

AT750/3h 1.118 ± 0.22 131 ± 3.0 1.485 ± 0.033 0.377 ± 0.042 18.42 ± 0.33 

AT850/3h 1.288 ± 0.23 132 ± 3.3 1.486 ± 0.028 0.426 ± 0.051 18.10 ± 0.31 

AT1000/1h 1.310 ± 0.25 121 ± 3.2 1.490 ± 0.025 0.421 ± 0.058 17.17 ± 0.27 
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AT1000/3h 2.965 ± 0.28 100 ± 2.8 1.630 ± 0.021 0.662 ± 0.062 13.72 ± 0.22 

AT1000/5h 3.370 ± 0.32 92 ± 3.1 1.641 ± 0.02 0.763 ± 0.068 13.20 ± 0.20 

4.6 Summary 

In this chapter, the crystalline texture, and oriented magnetic properties of the SLM produced Fe-

3wt.%Si alloy were investigated, the relationship between the texture and magnetic characteristic and 

their theoretical elaboration was also summarized. The mechanical performances including 

microhardness, tensile properties were studied in detail. Besides, the effects of heat treatment on the 

microstructures and magnetic properties of SLM-processed Fe-3wt.%Si alloy samples were evaluated. 

The following conclusions can be drawn: 

(1) Dense SLMed Fe-3wt.%Si soft magnets with a very low porosity below 0.5% were obtained, 

it showed an inhomogeneous structure, the microstructure of the SLMed parts exhibited a 

typical columnar structure with an oriented growth of building direction. 

(2) Only peaks related to the Bcc-Fe phase were observed in the XRD pattern of the as-built 

samples. The analysis of phase composition from EBSD also confirmed that the Fe-3wt.%Si 

alloy was a one-phase alloy. 

(3) The SLM-produced Fe-3wt.%Si alloy presented a {100}<001> cubic texture in this study, i.e. 

a <001> texture along the BD. Hence, in the construction coordinate system, the three 

directions of X, Y, and Z are contained in the axis that are easy to be magnetized. Therefore, 

the SLMed Fe-3wt.%Si magnet had isotropy magnetic properties at these three measured 

directions (X, Y, and Z). 

(4) Due to the relatively low microhardness, the elongation of the specimen reached 8.8%, the 

UTS and YS are 562 MPa, 445 MPa, respectively. A mixed-mode of ductile and brittle failure 

was the dominant rupture mechanism for SLMed Fe-3wt.%Si alloy. 

(5) Annealing the samples at 750 °C and 850 °C for 3 h did not affect the grain size. The micro-

segregation of Si was partly dissolved and appears discontinuous, indicating that at those 

temperatures the diffusion rate is just sufficient to bring Si segregations into solid solution. 

But upon slow furnace cooling, some of the silicon resegregated. 

(6) When the annealing temperature reached 1000 °C, although the dwell time was 1 h, in addition 

to the disappearance of the molten pool boundaries and micro-segregations, a low amount of 

grain grew to a large size. Annealing conducted at 1000 °C for 3 h, caused instead marked 

grain growth. The texture of SLMed Fe-3wt.%Si magnet after annealing at 1000 °C for 3 h 

was the same as that as-built sample, <001> is still along the BD. This is beneficial to improve 

the magnetic properties after heat treatment. As the dwell time increased to 5h, by the 

comparison of the AT1000/3h sample, the grains almost did not grow further significantly. 

(7) Within the cases of this work, the internal stress of the SLMed parts could be relieved by 

annealing heat treatment, and it can be further released with the increase of annealing 

temperature or extension of annealing time. 

(8) The magnetic properties of the SLMed Fe-3wt.%Si magnet could be comprehensively 

enhanced, attributing to grain growth and stress release via submitted annealing appropriate 

temperature-time combination. 
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Chapter 5 Effects of silicon content on the microstructures and 

properties of selective laser melted silicon steels 

5.1 Introduction 

The magnetic Fe–Si alloy is usually called silicon steel, which are iron alloys with silicon in 

different concentrations [1, 2]. The silicon steels represent the most widely used and most cost-effective 

core materials for devices used in electric power handling [3, 4]. Silicon is a very effective element to 

improve the soft magnetic properties and increase the electrical resistivity of iron, inspired by decreasing 

the saturation magnetization and Curie temperature [5-7]. The properties of silicon steels are affected 

by the silicon content. For Fe-Si alloy, during the SLM process, a complex solidification, grain growth, 

and phase transformation may occur. The degree of such interplay mainly depends on the silicon 

composition in the alloy and processing parameters [8, 9]. The effects of parameters have been discussed 

and described in the previous chapters. This chapter mainly focused on the effects of selected silicon 

contents. 

5.2 Materials and methods 

The raw material, manufacturing equipment, and partial parameters have been introduced in 

Chapter 2. In this chapter, silicon steels with silicon contents of 3.5wt.%, 4.5wt.%, 5.5wt.% were 

fabricated via SLM technique using the optimized parameters given in Chapter 4 in Table 4.1. As 

illustrated in Figure 3.1 (a) and Figure 3.7 (b), the zigzag scanning pattern with neighboring laser track 

rotation of 90 ° was utilized during the SLM process, other process parameters were also consistent with 

those described above. Cubic specimens with dimensions of 8 mm × 8 mm × 8 mm and ring samples of 

height h=4 mm, external diameter d1=26 mm, internal diameter d2=18 mm were manufactured for 

microstructural observation and magnetic properties measurements respectively. These specimens were 

annealed at 1000 °C for 3 h in the Ar atmosphere. Besides, standard samples for the tensile test were 

also fabricated. The samples fabricated by SLM before treatment in the as-built condition are named 

‘As-built’. The samples after annealing at 1000 °C for 3 h are referred to AT1000/3h. 

As presented in Chapter 2, the OM and SEM devices were applied to observe the microstructures 

of the SLMed specimens. The phase composition was also performed by XRD equipment. The detailed 

mechanical tests of as-built specimens were also adopted as mentioned in chapter 2. The quasi-static 

magnetic properties for the as-built and annealed ring samples were measured by the method of DC 

magnetic property measurement, and the dynamic magnetic properties of P50-1 were characterized in AC 

conditions, which were described in detail in Chapter 2. 

5.3 Evolution of microstructures 

It is well known that the magnetic properties and mechanical performance are structurally sensitive 

properties, which depend on the porosity dramatically [10, 11]. The representative OM images of the 

microstructures of XZ planes for these three SLMed silicon steels are displayed in Figure 5.1. No 

obvious cracks are found, although small-sized circular pores are still observed in these SLMed parts. 

As indicated by the statistical average values in Figure 5.1 (a-c), the porosity after measurement and 

calculation of each SLMed silicon steel is lower than 0.5%. Figure 5.1 (a-c) reveals the corresponding 

OM graphs of the microstructures after etching for these different SLMed silicon steels. It can be noted 

that with the increase of silicon content, the boundary and morphology of the molten pool become more 

visible and clearer. This is related to the more concentrated micro segregation of silicon at the edge of 

the molten pool during solidification. Besides, the columnar structure along the BD direction also 

becomes discontinuous with the increase of silicon content. 
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Figure 5.1 The representative OM images of the microstructures of XZ planes without etching for the 

SLMed silicon steels (a) Fe-3.5wt.%Si, (b) Fe-4.5wt.%Si, (c) Fe-5.5wt.%Si, and after etching (d) Fe-

3.5wt.%Si, (e) Fe-4.5wt.%Si, (f) Fe-5.5wt.%Si 

To further study the effect of Si content on microstructure, as demonstrated in Figure 5.2 (a-c), the 

microstructures of XZ planes for SLMed silicon steels under different Si content were observed via 

SEM. At high magnification, it is significant that the small gray dots as described in Chapter 3 become 

more concentrated with the increase of silicon content, their size also becomes larger, and the 

aggregation at the boundary of the molten pool becomes more visible. This indicates that with the 

increase of silicon content, the micro segregation of silicon in SLMed samples becomes more serious, 

especially at the boundary of the molten pool. 

 

Figure 5.2 The representative SEM images of the microstructures of XZ planes after etching for the 

SLMed silicon steels (a) Fe-3.5wt.%Si, (b) Fe-4.5wt.%Si, (c) Fe-5.5wt.%Si 

Figure 5.12 (a-c) displays the phase compositions of the SLMed silicon steel samples with different 

Si content. Basically, only the Fe-bcc phase could be detected in the XRD curves of the SLMed silicon 

steel as-built samples. According to the well-known binary phase diagram of Fe-Si, ordered phases of 

type DO3 and B2 are expected at Si-contents above 4wt.% [12, 13]. The amplified XRD spectra are 

shown in Figure 5.12 (d-f), which represent a zoom into regions of where super-lattice lines associated 

with the DO3 and B2 phases [14]. Although the amplitude diffraction spectrum of the Fe-4.5wt.%Si and 

Fe-5.5wt.%Si is almost comparable to the background noise, no significant diffraction peaks were 

detected in these curves, indicating that no fcc DO3 and B2 phases were formed in the SLMed silicon 

steel specimens. Hence, it also suggests that the very high cooling rate of solidification for the SLM 

process impedes the formation of these phases. 
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5.4 Evolution of magnetic properties 

The measured DC hysteresis loops of three SLMed silicon steels under different Si content are 

revealed in Figure 5.3. The three hysteresis loops exhibit a typical soft magnetic characteristic with a 

narrow shape [7, 15]. The certain differences between these three loops should be noted, which can be 

implied that the differences in magnetic properties in the SLMed silicon steels. To further investigate 

and described the effects of Si content on the magnetic properties, the evolution of the quasi-static 

magnetic properties for the different SLMed silicon steel samples based on the hysteresis loops are 

revealed in Figure 5.4 (a-b). As exhibited in Figure 5.4 (a), it can be overserved that the maximum 

relative permeability (μmax) of the SLMed silicon steel increases with the increase of silicon content. The 

value of the μmax for SLMed Fe-5.5wt.%Si is the highest. Contrary, it also can be noticed that the 

coercivity (Hc) of the SLMed silicon steel decreases with the increase of silicon content. The value of 

the Hc for SLMed Fe-5.5wt.%Si is the lowest with 60 A/m. Normally, high anisotropy energy would 

suppress permeability in a nonoriented polycrystalline material [16]. Besides, high anisotropy increases 

the domain wall energy density, leading to harder movement of the walls. When the domain walls are 

harder to move, the coercivity increases, energy is lost in driving the material around a hysteresis loop 

[12]. More addition of silicon further degrades the magnetic anisotropy constant (K) and 

magnetostriction constants (λ), which can increase μmax and reduce Hc of the silicon steel [17, 18]. The 

evolution of saturation magnetic induction (Bs) and remanence (Br) of the different SLMed silicon steels 

are displayed in Figure 5.4 (b). It can be offered that the Bs exhibits a slightly decreasing trend while the 

Br of the SLMed silicon steel show an increasing trend when the Si content increase from 3.5wt.% up 

to 5.5wt.%. With the increase of Si content, the magnetostriction decreases, leading to smaller 

dimensional changes with magnetization and demagnetization, and lower stress-sensitivity of magnetic 

properties [19]. Thus, the Bs decrease with the increase of Si content. 

 

Figure 5.3 The DC hysteresis loops of three SLMed silicon steels under different Si content 
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Figure 5.4 The evolution of DC magnetic properties for three SLMed silicon steels under different Si 

content 

The evolution of the power losses (P50-1) in dynamic conditions is presented in Figure 5.5. Note 

that the P50-1 of the SLMed silicon steel decreases with the increase of Si content. Theoretically, since 

there is no free electron in the silicon crystal, its conductivity is lower than that of metal, the addition of 

silicon can reduce the conductivity and increase the electrical resistivity of the alloy [20, 21]. Also, the 

electrical resistivity and the magnetostriction constants λ decrease with the increase of silicon content, 

as a result, the eddy current loss also decreases with the increase of silicon content. The detailed 

corresponding average values of all measured DC magnetic properties and AC magnetic properties of 

the SLMed silicon steels are listed in Table 5.1. The changes of these average values in the table are 

consistent with those shown in the previous hysteresis loops. 

 

Figure 5.5 The evolution of AC power losses for three SLMed silicon steels under different Si content 

The detailed average values of the magnetic properties for three types of SLMed silicon steels are 

listed in Table 5.1. The evolution of the magnetic properties is consistent with that mentioned previously, 

the μmax of SLMed Fe-4.5wt.%Si silicon steel is about 51.6% higher than that of SLMed Fe-3.5wt.%Si 

silicon steel, the μmax of SLMed Fe-5.5wt.%Si silicon steel is about 69.0% higher than that of SLMed 

Fe-4.5wt.%Si silicon steel. The Hc of SLMed Fe-4.5wt.%Si silicon is about 10.0% lower than that of 

SLMed Fe-3.5wt.%Si silicon steel, the Hc of SLMed Fe-5.5wt.%Si silicon steel is about 19.7% lower 

than that of SLMed Fe-4.5wt.%Si silicon steel. The evolution of μmax and Hc is related to more addition 

of silicon further degrades the magnetic anisotropy constant K and magnetostriction constants λ, which 

can increase μmax and reduce Hc of the silicon steel. Similarly, the P50-1 of decreases from 17.56 W/kg 
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for SLMed Fe-4.5wt.%Si silicon steel to 14.66 W/kg for Fe-5.5wt.%Si silicon steel, i.e. the P50-1 of 

SLMed Fe-4.5wt.%Si silicon steel is about 16.5% lower than that of SLMed Fe-3.5wt.%Si silicon steel. 

The P50-1 of SLMed Fe-5.5wt.%Si silicon steel is about 14.5% lower than that of SLMed Fe-4.5wt.%Si 

silicon steel. These are consistent with the goal of low coercivity and low power losses. However, due 

to the increase of Si content, the magnetostriction decreases, leading to smaller dimensional changes 

with magnetization and demagnetization, and lower stress-sensitivity of magnetic properties. Thus, it is 

noticed that the Bs showed a decreasing trend. 

Table 5.1 The detailed average values of all measured DC magnetic properties and AC magnetic 

properties of the SLMed silicon steels 

SLMed parts μmax (×103) Hc (A/m) Bs (T) Br (T) P50-1 (W/kg) 

Fe-3.5wt.%Si 1.149 ± 0.02 141 ± 3.3 1.440 ± 0.028 0.435 ± 0.025 17.56 ± 0.35 

Fe-4.5wt.%Si 1.724 ± 0.22 127 ± 3.0 1.352 ± 0.025 0.377 ± 0.020 14.66 ± 0.26 

Fe-5.5wt.%Si 2.914 ± 0.25 102 ± 2.7 1.259 ± 0.025 0.426 ± 0.022 12.53 ± 0.31 

5.5 Mechanical properties 

5.5.1 Microhardness 

Hardness is one of the basic mechanical properties of metallic materials, which has a sensitive 

correlation with other mechanical properties [22]. To understand the impacts of Si content on the 

microhardness of SLMed silicon steel, Figure 5.6 displays the average values of microhardness 

including XY planes and XZ planes of the SLMed silicon steel parts with different Si content. It shows 

that the values of microhardness for these two planes are almost similar, both increase with the evolution 

of Si content. The average values of microhardness increase from 275.5 ± 3.5 HV0.1 to 371.5 ± 4.5 HV0.1. 

Due to silicon having a strong solid solution strengthening effect on a-Fe (bcc), resulting in a higher 

microhardness and strength [23, 24]. 

 

Figure 5.6 The average values of microhardness including XY planes and XZ planes of the SLMed 

silicon steel parts with different Si content 

5.5.2 Tensile properties 

Figure 5.7 shows the typical stress strain curves of the different SLMed silicon steels. The statistical 

data regarding the mechanical properties including ultimate tensile strength (UTS), yield strength (YS), 

and elongation at break (EL) of the SLMed silicon steels are listed in Table 5.2. It revealed that the 

SLMed Fe-5.5wt.%Si silicon steel was fractured at the earliest stages among these three SLMed parts, 

having the highest average UTS value of 684 MPa, and the lowest EL of 1.5%. The SLMed Fe-

3.5wt.%Si was fractured at a later stage than that of Fe-4.5wt.%Si silicon steel, having a lower average 
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UTS value of 586 MPa, and the highest EL of 3.6%. These are also reflected in the D-value between 

their UTS and YS. The D-value between the UTS and YS of SLMed Fe-3.5wt.%Si is only 18MPa, while 

the D-value between the UTS and YS of Fe-5.5wt.%Si reaches 70MPa. The UTS and YS of the SLMed 

silicon steels increase with the increase of silicon content, but the elongation also decreases. It suggests 

that the increase of Si content has a positive effect on the strength while damaging the ductility of the 

SLMed silicon steel. These changes in tensile properties are associated with the evolution of the 

microhardness of the SLMed silicon steels, which is attributed to the stronger solid solution 

strengthening that is created by higher silicon content. 

 

Figure 5.7 The stress strain curves of the different SLMed silicon steels 

Table 5.2 The statistical values regarding the mechanical properties of the SLMed silicon steels 

SLMed parts UTS (MPa) YS (MPa) EL (%) 

Fe-3.5wt.%Si silicon steel 586 ± 5.5 568 ± 5.3 3.6 ± 0.2 

Fe-4.5wt.%Si silicon steel 630 ± 5.8 601 ± 5.5 2.0 ± 0.1 

Fe-5.5wt.%Si silicon steel 684 ± 6.0 614 ± 5.8 1.5 ± 0.1 

To further study and better understand the effects of Si silicon on fracture mechanisms of the 

SLMed silicon steels, the fracture surface morphologies were examined by an SEM system. As given in 

Figure 5.8 (a) and Figure 5.8 (b), in the representative fracture surface of the SLMed Fe-3.5wt.%Si and 

SLMed Fe-4.5wt.%Si specimen, only very slightly “necking phenomenon” which was indicated by 

yellow arrows can be observed, while no “necking phenomenon” can be found almost in the 

representative fracture surface of the SLMed Fe-5.5wt.%Si silicon steel as illustrated in Figure 5.8 (c). 

Stair-like and layered-cracks (as marked by red arrows) can be also observed. In the corresponding 

enlarged-view images Figure 5.8 (b-c), an intergranular rough (dimpled) fracture can be detected. 

Although this dimpled-like fracture suggests that slight ductile deformation occurs during the tensile 

process, brittle fracture still should be determined as the dominant fracture mechanism of the SLMed 

Fe-3.5wt.%Si silicon steel. Besides, in the fracture surfaces at enlarged-view of the SLMed Fe-

4.5wt.%Si and SLMed Fe-5.5wt.%Si silicon steels as displayed in Figure 5.8 (e-f) and Figure 5.8 (h-i), 

respectively, the fractures appear facetted with “river patterns” of radiating lines (as indicated by orange 

arrows) under micro-scale. They are caused by a mechanism known as cleavage which is a typical 

characteristic of the brittle fracture mechanism [25], which can be believed reasonable that the brittle 

fracture mechanism is also the dominant fracture mechanism of the SLMed Fe-4.5wt.%Si and SLMed 

Fe-5.5wt.%Si silicon steels. In the SLMed Fe-4.5wt.%Si and SLMed Fe-5.5wt.%Si silicon steels with 

columnar crystal structure, the tensile direction in the present case is almost perpendicular to the grain 

boundaries of columnar crystals. The tensile force made the whole columnar crystals were fractured 

after slight deformation in the way of transgranular, as such, the fracture surface usually cut through the 

columnar grains in a transgranular manner, leading to a river pattern [26, 27]. Although the brittle 
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fracture surfaces of three SLMed silicon steels are exhibit characteristics with brittle fracture 

mechanisms. It can be noted that from Figure 5.8, the fracture surface becomes flattered without dimple 

with the increase of silicon content, which further indicates that the ductility of SLMed silicon steel 

becomes worse with the increase of silicon content in the present case. 

 

Figure 5.8 Fracture morphology of the SLMed silicon steel samples under different Si content 

observed using SEM: (a-c) SLMed Fe-3.5wt.%Si silicon steel, (d-f) SLMed Fe-4.5wt.%Si silicon 

steel, (g-i) SLMed Fe-5.5wt.%Si silicon steel 

5.6 Effect of post-treatment on microstructure and magnetic properties 

5.6.1 Microstructural evolution after heat treatment 

To better understand the effects of the heat-treatment on the microstructures of the SLMed silicon 

steels under different Si content, the SEM images of the corresponding microstructures in XZ planes are 

displayed in Figure 5.9 to Figure 5.11 (the observed magnification enlarged from left to right). It can be 

observed that for the microstructures of all three types of the SLMed silicon steels before and after heat 

treatment, along the BD the grains are columnar and can span several hundred microns owing to the 

grain-remelting/epitaxial growth mechanism. At the same time, at lower magnification, it can be found 

that after annealing at 1000 for 3 h, the grain size of all the SLMed silicon steel samples increased 

noticeably due to the recrystallization. The microstructures are still characterized by non-uniform grain 

size, suggesting that the recrystallization process is not complete. The SEM micrographs also show that 

annealing at 1000 °C also for 3 h led to the complete dissolution of SLM-induced structure, i.e., the cells 

and molten pool segregations entered solid solution [28, 29]. The complete disappearance of the molten 

pool boundary lines is likely related to the dissolution of Si in the solid [30, 31]. The enlarged 

magnification observation indicates the micro-segregation and inhomogeneous distribution of Si are 

invisible, suggesting the dissolution of Si in the solid is almost complete. 
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Figure 5.9 Microstructure of the SLMed Fe-3.5wt.%Si samples observed via SEM after etching: (a-d) 

as-built sample, (e-h) AT1000/3h sample 

 

Figure 5.10 Microstructure of the SLMed Fe-4.5wt.%Si samples observed via SEM after etching: (a-d) 

as-built samples, (e-h) AT1000/3h samples 

 

Figure 5.11 Microstructure of the SLMed Fe-5.5wt.%Si samples observed via SEM after etching: (a-d) 

as-built samples, (e-h) AT1000/3h samples 

The XRD spectra in Figure 5.12 (a-c) suggests that the microstructures of both the SLMed as-built 

and annealed samples for three types of silicon steels are characterized by a single bcc-phase (Fe-bcc). 

From the binary phase diagram of Fe-Si, it is well-known that the ordered phases of type DO3/B2 would 

be presented at Si-contents above about 4wt.% under general conditions are expected at Si-contents 

above. As the enlarged XRD spectra of the SLMed Fe-4.5wt.%Si and Fe-5.5wt.%Si in Figure 5.12 (e-
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f), can be represented the regions of the diffraction spectrum where super-lattice lines associated with 

DO3/B2 are expected [12, 14]. No significant super-lattice peaks corresponding to the phases ordering 

of type DO3/B2 are detected in these XRD spectrums, which suggests that the disorder-ordered 

transformation from disorder phase A2 to short-range ordered B2 or DO3 phases did not occur or no 

significantly during the annealing. While it is not established how the ordered domains affect the 

electrical/magnetic properties of the alloy, it is well known that ordering increases the hardness and 

hence the brittleness of the material, reducing drastically its ductility and workability [1, 32, 33]. While 

more amplitude that is comparable to the background noise is found in the annealed AT1000/3h samples, 

which might be caused by the fine oxide and carbide particles that can be attributed to the leak of air 

into the argon furnace from the surrounding environment during heat-treatment. Besides, it can be 

observed that the peaks shift to the bigger angles for the annealed sample in comparison to the as-built 

one, which suggests micro-stress relief after annealing for three types of silicon steels [34, 35]. 

 

Figure 5.12 XRD spectra of the SLMed as-built samples and AT1000/3h samples 

5.6.2 Magnetic properties after heat treatment 

The measured DC hysteresis loops of three types of SLMed silicon steels before and after annealed 

heat treatment are plotted in Figure 5.13 (a-c). It can be found that the significant differences in the loop 

shape before and after annealed heat treatment are presented in all of the silicon steels, which indicates 

that the corresponding DC magnetic properties also change accordingly [36]. Obviously, annealed heat 

treatment has a positive effect on the DC magnetic properties of the silicon steels according to the 

hysteresis loops of the AT1000/3h samples are narrower than that of as-built samples. The change can 

be mainly attributed to the evolution of microstructures and stress relief after annealing. 
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Figure 5.13 The measured DC hysteresis loops of three types of SLMed silicon steels (a) Fe-

3.5wt.%Si, (b) Fe-4.5wt.%Si, (c) Fe-5.5wt.%Si 

The evolution of the corresponding measured DC magnetic properties based on the DC hysteresis 

loops are displayed in Figure 5.14 (a-b) and Figure 5.15 (a-b). The detailed average values of these 

magnetic properties for the samples after annealing at 1000 °C for 3 h are also listed in Table 5.3, the 

evolution of the μmax of the different SLMed silicon steel samples before and after annealing is 

demonstrated in Figure 5.14 (a). It shows the μmax of all three SLMed silicon steels increase significantly 

after annealing. Especially, for SLMed Fe-3.5wt.%Si, the μmax increase from 1.149×103 to 3.580×103, 

it’s more than tripled higher. For the coercivity Hc, a lower value is expected generally. As revealed in 

Figure 5.14 (b), the Hc of AT1000/3h samples is lower noticeably than that of as-built samples. After 

annealing at 1000 °C for 3 h, the Hc of these three SLMed silicon steels decreases from 141, 127, 102 

m/A to 90, 78, 60 m/A, which are about 36.2%, 38.6%, 41.2% lower than that of before annealing, 

respectively. Besides, the Bs also increase as expected, which is presented in Figure 5.15 (a). The 

improvement of DC magnetic properties after annealed heat treatment as described above can be 

attributed to grain growth and micro stress relief. It is noted that the Br also increases with the increase 

of Bs (Figure 5.15 (b)), which might be associated with the fine oxide and carbide particles produced 

due to the leak of air into the argon furnace from the surrounding environment during annealing. 

 

Figure 5.14 The evolution of the (a) μmax, (b) Hc of the different SLMed silicon steel samples before 

and after annealing 
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Figure 5.15 The evolution of the (a) Bs, (b) Br of the different SLMed silicon steel samples before and 

after annealing 

The evolution of the power losses P50-1 in dynamic conditions is summarized in Figure 5.16, the 

AT1000/3h samples show lower power losses than the as-built samples. Combined with the detailed 

average in Figure 5.1 and Table 5.3, the P50-1 decreases from 17.56, 14.66, 12.53 W/kg to 12.88, 10.03, 

8.73 W/kg, respectively. The P50-1 of the Fe-3.5wt.%Si annealed sample is about 26.7% lower than that 

of the as-built sample. For Fe-4.5wt.%Si and Fe-5.5wt.%Si, the P50-1 of AT1000/3h samples are 31.6% 

and 30.3% lower than that of as-built samples, respectively. It is also contributed to both stress relief 

and significant grain growth upon annealing at 1000 °C for 3 h. 

In conclusion, after annealing at 1000 °C for 3 h, the microstructures of three present SLMed silicon 

steels under different Si content exhibit similar evolution with grain growth and stress relief. Therefore, 

their comprehensive magnetic properties are also improved. It can be believed that the annealing 

behavior is not dramatically altered by variations in alloy chemistry of Si content. 

 

Figure 5.16 The evolution of the power losses P50-1 in dynamic conditions 

Table 5.3 The detailed average values of these magnetic properties for the SLMed samples after 

annealing at 1000 for 3 h 

SLMed parts μmax (×103) Hc (A/m) Bs (T) Br (T) P50-1 (W/kg) 

Fe-3.5wt.%Si 3.580 ± 0.03 90 ± 3.1 1.581 ± 0.027 0.933 ±0.051 12.88 ± 0.36 

Fe-4.5wt.%Si 4.072 ± 0.03 78 ± 2.6 1.486 ± 0.025 0.915 ± 0.042 10.03 ± 0.24 

Fe-5.5wt.%Si 4.732 ± 0.35 60 ± 2.0 1.386 ± 0.023 0.798 ±0.038 8.73 ± 0.16 
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5.7 Summary 

In this chapter, three pre-alloyed powders with different Si content were applied to fabricated the 

silicon steels using the SLM technique. The effects of Si content on the microstructure evolution, phase 

composition, mechanical properties, and magnetic properties of SLMed silicon steels were examined in 

terms of OM, SEM, XRD analysis, and magnetic properties testing. The influence of post-annealing 

treatment on the microstructures, and DC, AC magnetic properties were also investigated and 

summarized in detail. The main conclusions can be drawn and are described in the following: 

(1) The average porosity of each SLMed silicon steel was lower than 0.5% with a few small-sized 

circular pores but without obvious cracks. With the increase of silicon content, the micro 

segregation of silicon in SLMed samples became more serious, especially at the boundary of 

the molten pool. 

(2) The SLMed silicon steels exhibited typical soft magnetic characteristics. The μmax of the 

SLMed silicon steel increased with the increase of silicon content. Both coercivity Hc and 

power losses P50-1 of the SLMed silicon steel decreased with the increase of silicon content. 

The value of the Hc and P50-1 for SLMed Fe-5.5wt.%Si are the lowest with 102 A/m and 12.53 

W/kg, respectively. The Bs exhibited a slightly decreasing trend while the Br of the SLMed 

silicon steel showed an increasing trend when the Si content increased from 3.5wt.% up to 

5.5wt.%. 

(3) The microhardness increased with the evolution of Si content, increased from 275.5 HV0.1 to 

371.5 HV0.1, which is attributed to higher Si content having a stronger solid solution 

strengthening effect in the silicon steel. 

(4) The SLMed Fe-5.5wt.%Si silicon steel had the highest average UTS value of 684 MPa and 

the lowest EL of 1.5%. The SLMed Fe-3.5wt.%Si had a lower average UTS value of 586 MPa 

and the highest EL of 3.6%. The increase of Si content has a positive effect on the strength 

while damaging the ductility of the SLMed silicon steel. The brittle fracture was the dominant 

fracture mechanism for the present three types of SLMed silicon steels. 

(5) Both the SLMed as-built and annealed samples for three types of silicon steels were 

characterized by a single bcc-phase, with no obvious phase transformation presented during 

annealed treatment. 

(6) The annealed treatment resulted in grain growth and stress relief for three types of silicon 

steels, as such, their comprehensive magnetic properties were also improved. The annealing 

behavior is not dramatically altered by variations in alloy chemistry of Si content. 
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Conclusions and perspectives 

Conclusions 

The increasing number of industries and the growing demand for electricity and electronic devices 

are driving the requirement growth of soft magnetic materials. The available range of magnetic 

properties of soft magnetic materials was expanding, iron and iron silicon (Fe-Si) alloy are the most 

widely used. To seek better-performing manufacturing technologies for soft magnetic materials, additive 

manufacturing (AM) has been attracted wide attention. However, the research about AM Fe-Si-based 

soft magnetic alloy is still insufficient, especially a systematic study on the microstructure and materials 

properties of Fe-Si soft magnetic alloy via the SLM technology is still lacking. To explore and develop 

this research, a thorough investigation of SLMed Fe-Si soft magnetic alloy was conducted in this thesis. 

The following three sections are mainly contained. 

First, chapter 3 studied and described the effects of processing parameters on surface morphology, 

microstructure, and the magnetic properties of Fe-3wt.%Si alloy manufactured by SLM, and obtained 

the optimized SLM parameters for producing Fe-Si alloy. Then, to put forward an insight into the 

microstructure characteristics and material properties of the SLMed Fe-3wt.%Si alloy. Chapter 4 

discussed the microstructures, DC and AC magnetic properties, and mechanical properties of SLMed 

Fe-3wt.%Si soft magnet. Especially investigated the crystalline texture and oriented magnetic properties 

of the SLMed Fe-3wt.%Si alloy firstly, then, summarized the relationship between the texture and 

magnetic characteristics, carried on the theoretical elaboration. Then, the mechanical performances 

including microhardness, tensile properties were evaluated. Besides, this chapter also evaluated the 

effect of heat treatments on the microstructures and magnetic properties of SLM-processed Fe-3wt.%Si 

alloy samples. Chapter 5 studied the effects of silicon content on the microstructures and properties of 

selective laser melted silicon steels with the selected silicon contents of 3.5wt.%, 4.5wt.%, and 5.5wt.%. 

Moreover, it discussed the influence of annealed treatment on the microstructures, DC and AC magnetic 

properties of these SLMed silicon steels. The details of the conclusions are listed below. 

Effect of processing parameters on surface morphology, microstructure, and the magnetic 

properties of Fe-3wt.%Si alloys manufactured by selective laser melting 

(1) The surface morphology of the corresponding SLM Fe-3wt.% Si alloy can be improved by higher 

LED, which resulted in a low value of surface roughness. The decrease of the porosity rate of 

corresponding specimens was related to the increase of LED. 

(2) The cross-sectional microstructure of SLM Fe-3wt.% Si parts was a typical columnar structure with 

an oriented growth of building direction. The columnar structure at high LED is coarser than that 

at low LED. 

(3) The microhardness value of each SLM part was higher than 200 HV0.1. The microhardness value 

of the corresponding samples when LED lower than 420 J/m increased accordingly. However, it 

decreased when LED=420 J/m up to LED=540 J/m due to the almost similar porosity, the burning 

phenomenon, and Marangoni effects in sample E540. 

(4) The coercivity of SLM specimens decreased first and then increased with the increase of LED, 

while the evolution of saturation magnetization and LED was opposite. The specimen with a LED 

at 300 J/m exhibited better comprehensive magnetic properties than other specimens. It can be 

concluded that the magnetic properties of coercivity and saturation magnetization of Fe-3wt.%Si 

alloy produced by SLM are affected by the LED, which can be attributed to the parameters such as 

the number of defects, grain size, etc. 
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Microstructures, magnetic properties, and mechanical properties of selective laser melted 

Fe-3wt.%Si soft magnet 

(1) Dense SLMed Fe-3wt.%Si magnets with a very low porosity below 0.5% were obtained, it showed 

an inhomogeneous structure, the microstructure of the SLMed parts exhibited a typical columnar 

structure with an oriented growth of building direction. 

(2) Only peaks related to the Bcc-Fe phase were observed in the XRD pattern of the as-built samples. 

The analysis of phase composition from EBSD also confirmed that the Fe-3wt.%Si alloy was a 

one-phase alloy. 

(3) The SLM-produced Fe-3wt.%Si alloy presented a {100}<001> cubic texture in this study, i.e. a 

<001> texture along the BD. Hence, in the construction coordinate system, the three directions of 

X, Y, and Z are contained in the axis that is easy to be magnetized. Therefore, the SLMed Fe-

3wt.%Si magnet had isotropy magnetic properties at these three measured directions (X, Y, and Z). 

(4) Due to the relatively low microhardness, the elongation of the specimen reached 8.8%, the UTS 

and YS were 562 MPa, 445 MPa, respectively. A mixed-mode of ductile and brittle failure was the 

dominant rupture mechanism for SLMed Fe-3wt.%Si alloy. 

(5) Annealing the samples at 750 °C and 850 °C for 3 h did not affect the grain size. The micro-

segregation of Si was partly dissolved and appears discontinuous, indicating that at those 

temperatures the diffusion rate was just sufficient to bring Si segregations into solid solution. But 

upon slow furnace cooling, some of the silicon resegregated. 

(6) When the annealing temperature reached 1000 °C, although the dwell time was 1 h, in addition to 

the disappearance of the molten pool boundaries and micro-segregations, a low amount of grain 

grew to a large size. Annealing conducted at 1000 °C for 3 h, caused instead marked grain growth. 

As the dwell time increased to 5 h, by the comparison of the AT1000/3h sample, the grains almost 

did not grow further significantly. 

(7) Within the cases of this work, the internal stress of the SLMed parts could be relieved by annealing 

heat treatment, it can be further released with the increase of annealing temperature or extension of 

annealing time. 

(8) The magnetic properties of the SLMed Fe-3wt.%Si magnet could be comprehensively enhanced, 

attributing to grain growth and stress release via submitted appropriate annealing temperature-time 

combination. 

Effects of silicon content on the microstructures and properties of selective laser melted 

silicon steels 

(1) The average porosity of each SLMed silicon steel was lower than 0.5% with a few small-sized 

circular pores but without obvious cracks. With the increase of silicon content, the micro 

segregation of silicon in SLMed samples becomes more serious, especially at the boundary of the 

molten pool. 

(2) The SLMed silicon steels exhibited typical soft magnetic characteristics. The μmax of the SLMed 

silicon steel increased with the increase of silicon content. Both coercivity Hc and power losses P50-

1 of the SLMed silicon steel decreased with the increase of silicon content. The value of the Hc and 

P50-1 for SLMed Fe-5.5wt.%Si are the lowest with 102 A/m and 12.53 W/kg, respectively. The Bs 

exhibited a slightly decreasing trend while the Br of the SLMed silicon steel showed an increasing 

trend when the Si content increased from 3.5wt.% up to 5.5wt.%. 

(3) The microhardness increased with the evolution of Si content, increased from 275.5 HV0.1 to 371.5 

HV0.1, which is attributed to higher Si content having a stronger solid solution strengthening effect 

in the silicon steel. 

(4) The SLMed Fe-5.5wt.%Si silicon steel had the highest average UTS value of 684 MPa and the 

lowest EL of 1.5%. The SLMed Fe-3.5wt.%Si had a lower average UTS value of 586 MPa and the 
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highest EL of 3.6%. The increase of Si content has a positive effect on the strength while damaging 

the ductility of the SLMed silicon steel. Brittle fracture was the dominant fracture mechanism for 

the present three types of SLMed silicon steels. 

(5) Both the SLMed as-built and annealed samples for three types of silicon steels were characterized 

by a single bcc-phase, without obvious phase transformation presented during annealed treatment. 

(6) The annealed treatment resulted in grain growth and stress relief for three types of silicon steels, as 

such, their comprehensive magnetic properties are also improved. The annealing behavior is not 

dramatically altered by variations in alloy chemistry of Si content. 

Prospects and perspectives 

In perspective, several potential ideas can be highlighted based on this work for improving future 

research, which are listed below. 

It is quite interesting to study the relationship between heat transfer and microstructure formation 

during the SLM process. 

The stress in SLMed Fe-Si soft magnetic alloy should be quantitatively detected and analyzed. 

Combined with the simulation, the specific effects on the magnetic properties are worthy of in-depth 

study, to further improve the manufacturing process and reduce the damage of stress to the magnetic 

properties. 

The influence of oxides in SLMed Fe-Si soft magnetic alloy on magnetic properties, especially the 

comprehensive effects of physical and chemical properties of original powder or oxygen content in the 

manufacturing process on the microstructure and properties of SLMed Fe-Si soft magnetic alloy should 

be further investigated. 

Develop more effective post-treatment to further improve the comprehensive magnetic and 

mechanical properties of SLMed Fe-Si soft magnetic alloy. 

The structural design of Fe-Si soft magnetic alloy and the manufacturing of the components with 

this structure by SLM is worthy of considerable investigation. For example, the structural design of 

alternating stacking of oxidized layer and non-oxidized layer. 

Based on current research results to explore and develop application products of SLMed Fe-Si soft 

magnetic alloy. 
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Abstract 

Iron silicon (Fe-Si) alloys, also named silicon steels, are the most widely used owing to their 

excellent soft magnetic properties and economic costs. As electronic devices become diversified and 

automated, it is urgent to develop high-performance soft magnetic alloys with good reliability. For 

functional soft magnetic alloys, the SLM technique showed the potential to manufacture soft magnetic 

components directly from raw materials, such as the rotor and stator of the motor. To explore and develop 

new routes for manufacturing Fe-Si alloys, the investigation into the microstructures and properties of 

SLMed Fe-Si alloys from pre-alloyed powders was presented in this work. The most important finding 

in this work is listed in the following. 

After adopting a series of experiments and characterization, under optimal linear energy density, 

SLMed Fe-3 wt.%Si specimens with good surface roughness, low porosity, and without cracks can be 

obtained. The microstructure of the SLMed parts exhibited a typical columnar structure with an oriented 

growth of building direction. The SLM-produced Fe-3wt.%Si alloy presented a single Fe-bcc phase, a 

{100}<001> cubic texture in this study, i.e. a <001> texture along the building direction (BD). Hence, 

in the printing coordinate system, the three directions of X, Y, and Z are contained in the axis that is easy 

to be magnetized, the alloy had isotropy magnetic properties at these three measured directions (X, Y, 

and Z). The elongation at break (EL) of the specimen reached 8.8%, the average ultimate tensile strength 

(UTS) and Yield strength (YS) were 562 MPa, 445 MPa, respectively. A mixed-mode of ductile and 

brittle failure was the main rupture mechanism for SLMed Fe-3wt.%Si alloy. A series of annealed 

treatments with different dwell times and annealed temperatures were adopted. The results show that 

annealing conducted at 1000 °C for 3 h, caused instead marked grain growth. As the dwell time increased 

to 5h, by the comparison of the AT1000/3h sample, the grains almost did not grow further significantly. 

The magnetic properties of the SLMed Fe-3wt.%Si magnet could be comprehensively enhanced, 

attributing to grain growth and stress release via submitted annealing temperature-time combination 

appropriately. 

To investigate the effects of silicon content on the microstructures and properties of SLMed silicon 

steels, the pre-alloyed with silicon contents of 3.5wt.%, 4.5wt.%, and 5.5wt.% were selected. 

Experimental results revealed that with the increase of silicon content, the microsegregation of silicon 

in SLMed samples becomes more serious, especially at the boundary of the molten pool. The relative 

maximum permeability increased with the increase of silicon content, both coercivity and power losses 

decreased with the increase of silicon content. The saturation magnetic induction exhibited a slightly 

decreasing trend while the remanence showed an increasing trend. The increase of Si content had a 

positive effect on the strength while damaging the ductility of the SLMed silicon steel, resulting in the 

highest microhardness and the highest average UTS while the lowest average within these three types 

of silicon steels. Brittle fracture is the dominant fracture mechanism for the present three types of SLMed 

silicon steels. Both the SLMed as-built and annealed samples for three types of silicon steels were 

characterized by a single bcc-phase, without obvious phase transformation presented during annealed 

treatment. The annealed treatment resulted in grain growth and stress relief for three types of silicon 

steels, as such, their comprehensive magnetic properties were also improved. The annealing behavior is 

not dramatically altered by variations in alloy chemistry of Si content. 

Key words: Selective laser melting, Soft magnetic alloys, Oriented magnetic properties, Microstructural 

evolution, Soft magnetic properties, Mechanical properties 
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Résumé 

Les alliages fer-silicium (Fe-Si), également appelés aciers au silicium, sont les plus largement 

utilisés en raison de leurs excellentes propriétés magnétiques douces et de leurs coûts économiques. 

Alors que les appareils électroniques se diversifient et s'automatisent, il est urgent de développer des 

alliages magnétiques doux performants et fiables. Pour les alliages magnétiques doux fonctionnels, la 

technique SLM a montré le potentiel de fabriquer des composants magnétiques doux directement à partir 

de matières premières, telles que le rotor et le stator du moteur. Afin d'explorer et de développer de 

nouvelles voies pour la fabrication d'alliages Fe-Si, l'étude des microstructures et des propriétés des 

alliages Fe-Si SLMed à partir de poudres pré-alliées a été présentée dans ce travail. Les conclusions de 

ce travail sont énumérées ci-dessous. 

Après avoir adopté une série d'expériences et de caractérisation, sous une densité d'énergie linéaire 

optimale, des spécimens SLMed Fe-3Si avec une bonne rugosité de surface, une faible porosité relative, 

et sans fissures peuvent être obtenus. La microstructure des pièces SLMed présentait une structure 

colonnaire typique avec une croissance orientée dans le sens de la construction. L'alliage Fe-3wt.%Si 

produit par SLM présentait une seule phase Fe-bcc, une texture cubique {100}<001>, c'est-à-dire une 

texture <001> le long de la direction de construction (BD). Par conséquent, dans le système de 

coordonnées d'impression, les trois directions X, Y et Z sont contenues dans l'axe qui est facile à 

magnétiser, l'alliage avait des propriétés magnétiques d'isotropie dans ces trois directions mesurées (X, 

Y et Z). L'allongement à la rupture (EL) de l'éprouvette a atteint 8,8%, la résistance à la traction moyenne 

(UTS) et la limite d'élasticité (YS) sont respectivement de 562 MPa, 445 MPa. Un mode mixte de rupture 

ductile et fragile est le principal mécanisme de rupture pour l'alliage SLMed Fe-3wt.%Si. Une série de 

traitements de recuit avec différents temps de séjour et températures de recuit ont été adoptées. Les 

résultats montrent qu'un recuit effectué à 1000 °C pendant 3 h, a provoqué à la place une croissance 

marquée des grains. Au fur et à mesure que le temps de séjour augmentait à 5h, par comparaison avec 

l'échantillon AT1000/3h, les grains n'ont pratiquement pas augmenté de manière significative. Les 

propriétés magnétiques de l'aimant SLMed Fe-3wt.%Si pourraient être considérablement améliorées, en 

attribuant de manière appropriée à la croissance du grain et à la libération des contraintes via la 

combinaison température-temps de recuit soumise. 

Afin d'étudier les effets de la teneur en silicium sur les microstructures et les propriétés des aciers 

au silicium SLMed, les pré-alliés avec des teneurs en silicium de 3,5 % en poids, 4,5 % en poids et 5,5 % 

en poids ont été sélectionnés. Les résultats expérimentaux ont révélé qu'avec l'augmentation de la teneur 

en silicium, la microségrégation du silicium dans les échantillons SLMed devient plus grave, en 

particulier à la limite du bain en fusion. La perméabilité maximale relative augmente avec 

l'augmentation de la teneur en silicium, à la fois la coercivité et les pertes de puissance diminuent avec 

l'augmentation de la teneur en silicium. L'induction magnétique de saturation présente une tendance 

légèrement décroissante tandis que la rémanence présente une tendance croissante. L'augmentation de 

la teneur en Si a un effet positif sur la résistance tout en endommageant la ductilité de l'acier au silicium 

SLMed, ce qui se traduit par la microdureté la plus élevée et l'UTS moyen le plus élevé tout en étant la 

moyenne la plus basse au sein de ces trois types d'aciers au silicium. La rupture fragile est le mécanisme 

de rupture dominant pour les trois types actuels d'aciers au silicium SLMed. Les échantillons SLMed 

tels que construits et recuits pour trois types d'aciers au silicium sont caractérisés par une seule phase 

bcc, aucune transformation de phase évidente n'est présentée pendant le traitement recuit. Le traitement 

recuit entraînant une croissance des grains et un soulagement des contraintes pour trois types d'aciers au 

silicium, en tant que tels, leurs propriétés magnétiques complètes sont également améliorées. Le 

comportement de recuit n'est pas considérablement modifié par les variations de la chimie de l'alliage 

de la teneur en Si. 
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Mots clés : Fusion sélective par laser, Alliages magnétiques doux, Propriétés magnétiques orientées, 

Evolution microstructurale, Propriétés magnétiques douces, Propriétés mécaniques 

  



 

 

  



 

 

 

 


